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SECTION 1 

INTRODUCTION 

1.1 INTRODUCTION 

T h i s  r e p o r t  comprises t h e  second phase of a r e s e a r c h  p r o j e c t  d i r e c t e d  

toward an experimental  and t h e o r e t i c a l  s tudy p e r t a i n i n g  t o  t h e  chemical 

i d e n t i f i c a t i o n  of t h e  i n t e r s t e l l a r  "dust". 

w a s  r e p o r t e d  on i n  a previous f i n a l  r e p o r t  dated August 31, 1967 under 

NASA Cont rac t  NASW1450. It was then shown t h a t  a poss ib le  s o l u t i o n  t o  

t h e  chemical i d e n t i f i c a t i o n  could be found by means of a class of com- 

pounds c a l l e d  porphyrins .  Moreover, whereas i n  the  f i r s t  phase t h e  

emphasis was on l i t e r a t u r e  search ,  a n a l y s i s ,  and prel iminary experiments, 

t h e  second phase concentrated pr imar i ly  on the  experimental  a s p e c t s  of 

the  program. 

The f i r s t  phase of t h e  e f f o r t  

1.2 SUMMARY OF RESULTS 

The key r e s u l t  of t h i s  program w a s  t h e  d e f i n i t i v e  chemical i d e n t i f i c a t i o n  

of t h e  dominant component of t h e  i n t e r s t e l l a r  medium respons ib le  f o r  t h e  

d i f f u s e  i n t e r s t e l l a r  l i n e s  and reddening. This  compound is t h e  u l t r a -  

s t a b l e  porphyrin molecule: 

BIS PYRIDY LMAGNES LUMTETRABENZOPORPHINE 

MgC H N (abbreviated t o  x). Figure 1 shows i t s  s t r u c t u r e .  This  

i d e n t i f i c a t i o n  rests on 16 l abora tory  coincidences of the  i n t e r s t e l l a r  

d i f f u s e  l i n e s  with low temperature labora tory  d a t a  on x, plus 6 c o i n c i -  

dences of I R  as t ronomical  l i n e s  and l a b o r a t o r y  room temperature spec t ra ,  

making a t o t a l  of 22 l i n e s .  I n  addi t ion ,  good c o r r e l a t i o n  of l i n e  width 

and i n t e n s i t y  r a t i o s  of t h e  l i n e s  was obtained.  

was s imulated i n  l a b o r a t o r y  by c l u s t e r i n g  x molecules. All a d d i t i o n a l  

46 30 6 

L n t e r s t e l l a r  reddening 



Figure 1. The Interstellar Molecule x (MgC H N ) 46 30 6 
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i n t e r s t e l l a r  l i n e s  n o t  observed insour  labora tory  spectra a r e  e x p l i c a b l e  

i n  terms of v i b r o n i c  t ransi t ions. .  A s e l f  - c o n s i s t e n t  energy l e v e l  diagram 

showing t h e  major v i b r o n i c  and e l e c t r o n i c  t r a n s i t i o n s  can now be cons t ruc-  

ted .  It can r e a d i l y  be shown t h a t  t h e  a p r i o r i  random p r o b a b i l i t y  of 

s p e c t r a l  assignments of t h e  X molecular s p e c t r a  plus  l i n e  width and 

i n t e n s i t y  c o r r e l a t i o n  w i t h  the s p e c t r a  of t h e  d i f f u s e  i n t e r s t e l l a r  l i n e s  
0 is  conserva t ive ly  Id : 1. A t h e o r e t i c a l  d i s c u s s i o n  of t h e  experimental ly  

produced i n t e r s t e l l a r  "reddening'l phenomena is given i n  t h i s  r e p o r t .  For 

a summary of the r e s u l t s  and t h e i r  impl ica t ions  see S i i e n t i f i c  Report 

No. 1 ( i n  t h e  Appendix). (The ex tens ive  r e s u l t s  us ing  Technique A could 

be passed over on t h e  f i r s t  read ing . )  

1.3 BACKGROUND 

It i s  t h e r e f o r e  f e l t  t h a t  the major t a s k  of i d e n t i f y i n g  the  molecule has 

been accomplished. With t h i s  s o l u t i o n  however, a h o s t  of o t h e r  problems 

have been opened up, l i k e  a Pandora's  box, which r e q u i r e  answers. 

t h e  l a b o r a t o r y  spectrum can s t i l l  be improved by an order  of magnitude 

leading  toward de termina t ions  of i n t e r s t e l l a r  environment and "molecular 

add-ons" t o  the  primary i n t e r s t e l l a r  molecule c h i  (X). 

Indeed 

One s c i e n t i f i c  paper was presented a t  the  129th Astronomical Soc ie ty  

Meeting g i v i n g  our prel iminary r e s u l t s  in  A p r i l  1969. Addit ional  

papers a r e  being prepared, one of which, included w i t h  t h i s  r e p o r t  

has been submi t ted  f o r  publ ica t ion .  

Since f o r  t h e  l as t  30 years  a l a r g e  number of t h e o r i e s  p e r t a i n i n g  t o  the  

chemical n a t u r e  of t h e  d u s t  have been proposed, i t  might be a p p r o p r i a t e  

t o  very b r i e f l y  review the  s i t u a t i o n .  Reference i s  made t o  a paper  by 

t h e  au thor  e n t i t l e d  " I n t e r s t e l l a r  Matter", which appeared a s  S c i e n t i f i c  

Report  N o .  1 i n  t h e  f i n a l  r e p o r t  of August 1967 and which has meantime 
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* 
appeared i n  p r i n t .  B r i e f l y  the  problem is t h i s :  one n o t  only has t o  

match 25 d i f f u s e  i n t e r s t e l l a r  l i n e s  as  f a r  a s  wavelengths a r e  concerned, 

bu t  a l s o  as f a r  as i n t e n s i t y .  I n  addi t ion ,  the  f a c t  t h a t  i n t e r s t e l l a r  

l ine  widths  vary from 408 t o  18 argues a g a i n s t  i d e n t i f i c a t i o n  of small 

molecules whose l i n e s  a r e  sharp.  P red i s soc ia t ion  bands of t r i a tomic  

molecules, as  proposed by G. Herzberg, have s o  f a r  n o t  succeeded. 

Another competing theory might be atoms suspended i n  matr ixes;  pro- 

ponents of t h i s  model were H. P. Broida and G. W: Robinson. The 

d i f f i c u l t y  wi th  t h i s  model is t h a t  no t  only have no coincidences been 

observed, but  t h e  major problem i s  the  v a r i a t i o n  of wavelength maxima 

f o r  d i f f e r e n t  matr ixes  (by as much as 1008 ). Since the  i n t e r s t e l l a r  

medium y i e l d s  a set  of l i n e s  whose pos i t i ons  a r e  i n v a r i a n t  t o  0.12, it  

i s  impossible t o  imagine a unique mat r ix  t h a t  would s a t i s f y  the condi-  

t i o n .  Other t h e o r i e s  can more r e a d i l y  be e l imina ted  on very elementary 

cons ide ra t ions .  This  leaves  the  remaining p o s s i b i l i t y ,  v i z . ,  t h a t  

l a r g e  molecules o r  a c l u s t e r  of these  l a r g e  molecules make up the  

i n t e r s t e l l a r  dus t ,  and t h i s  i s  indeed what w e  have t r i e d  t o  show i n  

t h i s  f i n a l  r e p o r t .  Namely, t h a t  the i n t e r s t e l l a r  medium conta ins  among 

o the r  gas components, hydrocarbons composed of molecule X. The c l u s t e r -  

ing  i s  necessary  t o  make u n i t s  l a r g e  enough s o  a s  t o  produce the we l l  

known i n t e r s t e l l a r  s c a t t e r i n g  and reddening curves a We a l s o  showed 

exper imenta l ly  t h a t  a l l  the  i n t e r s t e l l a r  "mini-molecules" such as 

formaldehyde, ammonia, and water  as  we l l  as  CN and OH r a d i c a l s ,  can 

be made t o  a t t a c h  t o  molecule c h i  and presumably p lay  a r o l e  in  weakly- 

bonded c l u s t e r s  of molecule x. Complexing of x molecules, v i a  water molecules 

has  been d e f i n i t e l y  e s t a b l i s h e d  spec t roscop ica l ly .  F ina l ly ,  t h e  t o t a l  

amount of d a t a  obtained was s o  inunense t h a t  i t  was not  poss ib le  t o  

reduce a l l  the d a t a  and incorpora te  it i n  t h i s  r e p o r t .  It i s  hoped t h a t  

i n  the  follow-on program, reduct ion  of the low temperature d a t a  w i l l  be 

* 
In  a book e n t i t l e d  "Use of Space Systems f o r  Planetary Geology and 

AAS Science and Technology S e r i e s ,  Tarzana, Ca l i fo rn ia .  
'Geophysics,  Vol. 17, pp 51-66, ed i t ed  by R. D. Enzmann, published by 
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poss ib le .  Also, t h e  survey d a t a  has been of immense magnitude s i n c e  i t  

w a s  important  t o  demonstrate t h a t  v i r t u a l l y  none of t he  poss ib l e  hydro- 

carbons and porphyrins were omitted f o r  cons ide ra t ion  and examination. 

With h inds igh t ,  most of t h i s  s p e c t r a l  survey work i s  now r e a l l y  of 

nega t ive  i n t e r e s t  only (e.g., i t  proves t h a t  no simple hydrocarbon can 

g ive  the  i n t e r s t e l l a r  d i f f u s e  l i n e s ) ;  consequently,  i n s t ead  of r ep ro -  

ducing t h i s  v a s t  amount of ma te r i a l ,  r e p r e s e n t a t i v e  d a t a  a r e  given. 

This  i s  done i n  Sec t ion  2 .  One except ion t o  the above comment is  t o  

be noted: 

presumably discover  o the r  s t a b l e  molecular s t r u c t u r e s  i n  the i n t e r -  

s te l lar  medium such as benzene and pyridine which do not  have absorp t ion  

l i n e s  i n  the  v i s i b l e .  

more d e t a i l e d  UV and I R  i n t e r s t e l l a r  spectroscopy would 

1.4 EXPERIMENTAL APPROACH LEADLNG TOWARDS THE IDENTIFICATION OF 
MOLECULE X 

Before the  d a t a  is  discussed i n  d e t a i l ,  the  techniques and samples 

employed w i l l  be ou t l ined ,  e s s e n t i a l l y  i n  the sequence i n  which the  

experiments were performed. It may be of h i s t o r i c a l  i n t e r e s t  t o  show 

the  s t e p s  lead ing  towards the f i n a l  s o l u t i o n  i n  the  i d e n t i f i c a t i o n .  

I n  any event ,  t he  l a r g e  amount of absorp t ion  d a t a  on porphyrins ob- 

ta ined  i n  t h i s  program i s  no t  a v a i l a b l e  in  the  l i t e r a t u r e  under the  

cond i t ion  employed i n  these  experiments and hence the  porphyrin 

compilat ion,  i n  add i t ion  t o  being of use i n  f i rmly  r u l i n g  out  a l a r g e  

s e l e c t i o n  of compounds, w i l l  provide a bas i s  f o r  l a t e r  t h e o r e t i c a l  

analyses  of spec t roscopic  d a t a .  Note t h a t  the f i r s t  seven s t e p s  were 

a necessary prel iminary t o  the program plan and may .be omitted on 

f i r s t  read ing  e 

1.4 .1  THE EXPERIMENTAL PLAN 

1. Aromatic Hydrocarbons--Perylene, Anthracene, Pyrene, e t c .  ( s ee  

Table  IV). 
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2 .  

3 .  

4 .  

5. 

6 .  

7. 

8. 

9 .  

10. 

11 * 

12. 

Nitrogen Aromatics - -Car baz o l e  , Indole .  

Porphyrins --Porphin, Deuteropor phyr in ,  Haemin, Chlorophyll ,  

Cytochrome, e t c .  (see Table  V ) .  

S o l i d  P a r t i c l e  Suspension Spectra .  

Admixture of Minerals,  inc luding  carbonaceous chondr i te  meteor i te  

powder. 

Temperature e f f e c t s  77'K .-+ 298'K f o r  compounds 1 t o  5. 

Deta i led  s t u d i e s  on s p e c i a l  group of porphyrins--Matrix Suspension 

(Technique A ) .  

The Tetrabenz porphins : 

The Pthalocyanines:  FePc, MgPc, H2Pc. 

The Tetraphenylporphins:  TPP, MgTPP, FeTPP. 

a. E f f e c t s  of s o l v e n t s .  

b. Molecular admixtures bonded perpendicular  t o  b a s a l  plane. 

c. Powder mat r ix  suspension vs. l i q u i d  suspension. 

d e  

e .  Chemical i s o l a t i o n  mat r ix  techniques (Shpo1'skii)--(Technique B). 

f .  S p e c i a l  spec t romet r ic  equipment cons t ruc ted  t o  measure l o w  i n t e n -  

H2, Zn, Fey and Mg complexes. 

Temperature e f f e c t s  (room vs 77'K). 

s i t y  t ransmission d a t a  with high prec is ion  wavelength de te rmina t ion  

c a p a b i l i t y  . 
( 1) Scanning s pec t r ome t er - - 1 oc k- i n  de t ec t ion, high i n  t e n s  i t y  

1 i g h t  s ourc e .  

Photographic --dens itome ter  read -out.  (2) 

F i n a l  d a t a  runs us ing  techniques of f . ( l )  and f . ( 2 )  on MgTBP i n  a 

h o s t  of d i f f e r e n t  matr ixes  and concent ra t ions  (Technique B).  

Comprehensive d a t a  runs on pyr id ine  complexes of MgTBP (Molecule X) . 
Study of molecular X c l u s t e r s - - s i m u l a t i o n  of i n t e r s t e l l a r  reddening 

curve. 

Complexing of X molecules with 

a.  H20 

b. NH3 

c.  H2C0 

d e  CN 
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13 e 

14 e 

15. 
16. 

17. 
18. 

High s e n s i t i v i t y ,  low temperatfae d a t a  of X molecules i n  absorpt ion 

and e m i s  s ion e 

I R  measurements. 

Reduction of da t a .  

Spectroscopic  molecular x vapor d a t a  a t  500-600 C. 

Thermodynamic and chemical s t a b i l i t y - - s u b l i m a t i o n  tests. 

Other t e s t s  on porphyrin molecules 

a. Fluorescence measurements 

b. MCD measurements (pre l iminary)  

0 
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provided almost a l l  of the  porphyrins,  and synthes ized  the family of 

TBP Compounds. The gene ros i ty  of a l l  the  chemists too  numerous t o  

mention, who s o  kindly suppl ied  some o f  the porphysins is hereby 

g r a t e f u l l y  acknowledged. D r .  G .  A. H. Walker kindly forwarded a 

manuscr i p t  pr  i o r  t o pub 1 i c  a t  ion .  

M r ,  Dennis Marines provided s k i l l e d  a s s i s t a n c e  wi th  the l abora to ry  

measurements throughout t he  program. M r .  S .  Dobrin a s s i s t e d  in  t h e  

measurements 6uring the  summer of 1969. 

The suppor t  and encouragement by M r .  Maurice Dubin of NASA Headquarters 

i s  g r a t e f u l l y  acknowledged. 
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SECTION 2 

EXPERIMENTAL RESULTS 

2 e 1 DESCRIPTION OF EQUIPMENT AND TECHNIQUES 

Three b a s i c  m a t r i x  techniques were used t o  i n v e s t i g a t e  absorp t ion  a t  

the 77'K. The f i r s t ,  involving frozen g l a s s e s  such a s  EPA was used 

o n l y  i n  the f i r s t  phase, t h r e e  y e a r s  ago. It was abandoned because 

of t h e  s t r o n g  i n t e r a c t i o n s  of t h e  m a t r i x  w i t h  t h e  d isso lved  molecules.  

The second technique,  A ,  was explored i n  dep th ,  i t  c o n s i s t e d  of pulver-  

i z i n g  the chemicals t o  be s tud ied  i n  an automatic  p e s t l e  and mortar  

gr inding  machine and suspending the  p a r t i c l e s  i n  a m a t r i x  such a s  s i l i c o n e  

g r e a s e  between two g l a s s  s l i d e s .  The t h i r d  technique,  B ,  i s  b a s i c a l l y  

the S h p o l ' s k i i  technique.  It was found t o  be more of an a r t  than a 

s c i e n c e  t o  o b t a i n  t h e  d e s i r e d  i n e r t  m a t r i x  suspension. Hence i n  o r d e r  

t o  e l i m i n a t e  any p o s s i b l e  a r t i f a c t  o r  sys temat ic  e r r o r s  a r i s i n g  from 

mat r ix  e f f e c t s ,  a very l a r g e  number o f  v a r i a t i o n s ,  both i n  chemicals,  

mix tures  and chemical t reatment  of samples were c a r r i e d  o u t .  S u r p r i s -  

i n g l y ,  the  v a r i a t i o n s  s o  encountered were less than t h e  quoted p r e c i s i o n  

1-a. The only d i s t i n c t  e f f e c t  a r i s e s  from d r a s t i c  changes i n  t h e  

c o n c e n t r a t i o n  of  molecule x i n d i c a t i n g  t h a t  t h e  dominant e f f e c t  i s  

molecule-molecule i n t e r a c t i o n .  I n  t h e  extreme c a s e  of f i n e l y  d iv ided  

x powder, the S o r e t  band broadens,  s h i f t s  and may even d i sappea r .  

The main equipment used on t h i s  program was a Beckman DK2 spectrophoto-  

meter f o r  survey work from 0.2 t o  3 . 0 1 ~ .  Because o f  t h e  e a s e  of i t s  

o p e r a t i o n ,  a l l  samples were f i r s t  examined on t h i s  instrument  b e f o r e  

8 



more d e t a i l e d  s t u d i e s  were undertaken. P rec i s ion  measurements r equ i r ed  

two d i f f e r e n t  techniques ( see  F ig .  2).  E i t h e r  a system comprising phase 

s e n s i t i v e  d e t e c t i o n  us ing  a 1/2m J a r r e l l  Ash scanning spec t rometer ,  a 

very i n t e n s e  l i g h t  source (300 wat ts  tungs ten  o r  a h igh  p res su re  arc 

lamp), a s e n s i t i v e  S20 pho tomul t ip l i e r  and r eco rde r ;  o r  i n  p l ace  of  t he  

e l e c t r o n i c s  a 3/4m photographic  J a r r e l l  Ash spectrometer .  The l a t t e r  

technique corresponds c l o s e s t  t o  the  a c t u a l  as t ronomica l  method of  observ-  

i ng  t h e  d i f f u s e  i n t e r s t e l l a r  l i n e s .  

Superimposed on the  absorp t ion  spectrum were s tandard  r e fe rence  s p e c t r a ,  

t o  enable  subsequent p r e c i s i o n  wavelength de te rmina t ions  on a scanning 

spectrophotometer .  Wavelength de te rmina t ion  should be accu ra t e  t o  

f 18. 

dewar (descr ibed  i n  the  previous f i n a l  r e p o r t ,  1967) .  Care was taken 

i n  the  f r e e z e  down procedure.  Genera l ly ,  b e s t  r e s u l t s  were obta ined  by 

ve ry  slow cool ing  procedures .  The red f luorescence  c h a r a c t e r i s t i c  of 

molecule x was always very c o n s p i c u o u s .  Photographs showing the bas i c  

equipment are  seen i n  F ig .  3 and 4. 

The samples were placed i n  a c e l l  i n s i d e  a s p e c i a l l y  cons t ruc t ed  

2.2 SUMMARY OF LOW TEMPERATURE MATRIX ISOLATION DATA - (TECHNIQUE A) 

Two completely d i f f e r e n t  techniques were used i n  the  spec t roscopic  low 

temperature  ma t r ix  isolat i -on measurements. I n  Technique A, w e  a t tempted 

t o  s imula te  i n t e r s t e l l a r  dus t  g r a i n s  according t o  t h e  ideas  of  Van de Kulst  

and o t h e r s  who assumed t h e s e  g r a i n s  were of a c e r t a i n  s i z e  d i s t r i b u t i o n  

( i n  the  micron range)  wi th  poss ib l e  admixtures o f  atoms o r  molecules 

which would g ive  r i se  t o  the  h i t h e r t o f o r e  u n i d e n t i f i e d  d i f f u s e  i n t e r -  

s te l la r  absorp t ion  l i n e s .  We exhaus t ive ly  surveyed a l a r g e  s e l e c t i o n  

of  po lycy l i c  aromatic  compounds inc luding  porphyrins ,  n i t rogen  aromat ics ,  

admixtures of  mine ra l s ,  by gr inding  these  chemicals i n t o  a f i n e  powder 

and embedding them i n  a s o l i d  ma t r ix  of s i l i c o n e  grease .  
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The coapounds porphin and perylene were used a s  pro to types  t o  s tudy  the  

e f f e c t s  of  s o l u t i o n  and ma t r ix  suspension.  Tables  I and I1 summarize 

t h e  d a t a  obtained by us ing  two s o l v e n t s ,  namely chloroform and e t h e r ,  

and compare these  d a t a  wi th  a f i n e  powder suspension using g rease  as 

t h e  matrix.  The samples were examined f i r s t  a t  room temperature  and 

then  a t  l i q u i d  n i t rogen  (LN ) temperature  i n  a f i n e  powder ma t r ix  sus -  

pensicn.  Various a d d i t i v e  coliipounds, inc luding  cha lk ,  alumina powder, 

and even too thpas t e ,  were used t o  enhance the  l i n e s  and cause  m u l t i p l e  

2 

s c a t t e r i n g .  The e f f e c t s  of  t h e s e  a d d i t i v e s  have t o  be watched chemical ly ,  ~ 

s i n c e  the  important  So re t  band i s  s t r o n g l y  a f f e c t e d  by some of t h e s e  

compounds, and i n  f a c t  vanishes  f o r  cha lk  and too thpas t e .  It is  

poss ib l e  t o  fo l low t h e  i n t e n s i t y  of  t h e  wavelength m a x i m a  and t h e  over-  

a l l  i n t e n s i t y  d i s t r i b u t i o n  of  t h e  bands. I t  should be  poin ted  o u t  t h a t  

t he  wavelength s h i f t  i s  gene ra l ly  about 1002 ( g r e a t e r  f o r  pery lene)  t o  

2 t he  longer  wavelength f o r  t he  samples i n  f i n e  ma t r ix  suspension a t  LN 

temperatures .  The e f f e c t  o f  temperature  apparent ly  i s  not  a s  g r e a t  a s  

t h a t  of  t h e  means of suspension,  s i n c e  the  i n t e n s i t y  maxima of  t h e  f i n e  

powder suspension d a t a  do not vary too g r e a t l y  between room temperature  

and LN t e m p e r a t u r e .  However, the  shape of t he  curves  and the  gene ra l  

s p e c t r a  a r e  s i g n i f i c a n t l y  d i f f e r e n t  comparing the  room temperature  wi th  

t h e  LN temperature  da t a .  Considerable  sharpening o f  t he  l i n e s  occurs  

as the  s a m p l e  i s  cooled t o  LN temperature .  Thus, we can conclude t h a t  

mixtures  o f  s i l i c a t e  and-carbonate  minera ls  g e n e r a l l y  weaken t h e  absorp- 

t i o n  s p e c t r a  of organic  compounds, and i n  some cases  cause t h e  S o r e t  

band t o  vanish  almost completeiy.  

2 

2 

2 

Data taken f o r  pery lene  and porphin mixtures  wi th  admixtures of  a f i n e l y  

d iv ided  powder of t h e  carbonaceous chondr i t e  Murray caused s p e c t r a  t o  be 

observed which very  c l o s e l y  s imulated the  i n t e r s t e l l a r  s c a t t e r i n g  curve 

wi th  the  small  supe rpos i t i on  o f  absorp t ion  l i n e s  a t  44002 and 47002. 
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Figure  5 compares d a t a  taken o f  perylene i n  l i q u i d  s o l u t i o n  a t  room 

temperature  (curve A) and i n  a powder ma t r ix  a t  LN temperature  (curve B ) .  

Curve C shows d a t a  f o r  a mixture  o f  pery lene  and Murray. 

t h e  same d a t a  f o r  porphin a t  a temperature of  77  K. The composition 

s p e c t r a  were sugges t ive  of  t h e  type o f  s p e c t r a  one would a n t i c i p a t e  f o r  

the i n t e r s t e l l a r  dus t  i n  terms of s c a t t e r i n g  as a func t ion  of  wavelength 

and t h e  superimposed absorp t ion  f e a t u r e s .  

2 
Table 1 shows 

0 

A set  of  18 porphyrin compounds were s p e c i a l l y  prepared by our  chemical 

c o n s u l t a n t ,  D r .  Cas t ro .  The s p e c t r a  of  t hese  compounds were s t u d i e d  

exhaus t ive ly  under m a t r i x  suspension technique A a t  77'K. The r e s u l t s  

o f  t h r e e  such runs  are shown i n  Figs .  6 and 7. Photographs were taken 

o f  t h e  va r ious  ma t r ix  suspensions showing the  p a r t i c l e  s i z e  d i s t r i b u t i o n  

(F igs .  8, 9 and 10 ) .  The s c a l e  a t  t he  top of  t h e  photograph permi ts  

de te rmina t ion  of  t he  p a r t i c l e  s i z e s .  

It w a s  found t h a t  admixtures of compounds p lay  an important  r o l e  i n  

enhancing the  absorp t ion  e f f e c t s ,  presumably by inc reas ing  t h e  o p t i c a l  

pa th  l eng ths  v i a  inu l t i p l e  s c a t t e r i n g  c e n t e r s .  Another i n t e r e s t i n g  

obse rva t ion  t h a t  can be a sce r t a ined  from Figs .  6 and 7 i s  the  a s s o c i a t i o n  

of  both abso rp t ion  and d i s p e r s i o n  wi th  the  asymmetric l i n e  shapes ;  t h a t  

i s ,  because of t h e  Kramer-Konig r e l a t i o n s h i p s ,  an obvious dependence 

exis ts  between these  two e€fects.yc The i n t e r s t e l l a r  d i f f u s e  abso rp t ion  

l i n e s  a r e  ind ica t ed  below the experimental  d a t a  t o  show how very s t r o n g l y  

sugges t ive  some of  t h e  pre l iminary  r e s u l t s  were a t  t h a t  t i m e  (Fig.  6 ) .  

The p rec i s ion ,  however, was to t a l l ' y  inadequate  a t  t h a t  po in t  t o  make any 

i d e n t i f i c a t i o n .  Moreover, th'e r e su l t s  were merely sugges t ive  and encourag- 

ing  f o r  f u r t h e r  search .  Thus the  search  f o r  t he  e l u s i v e  porphyrin went on. 

*See d i scuss ion  on Reddening (Sec t ion  3.7)  
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1. 
2. 

3. 

4. 
5 .  

6 .  

7. 

8. 

9. 
10. 

11 s 
12. 

13 

14. 

15 e 

16 a 

17. 

18. 

TABLE 111 

PORPHYRIN COMPOUNDS STUDIED 

Set A 

Hematoporphyrin 

2,4-Di(alpha-thiophenylethyl)deuteroporphyrin dimethyl ester 

2,4-Di(alpha-thiophenylethyl)deuteroporphyrin 

Deuterohemin dimethyl ester 

2,4-Di(alpha-thiophenylethyl)deuterohemin dimethyl ester 
Deuterohemin (chloride) 

Protohemin (IX) 

Protoporphyrin 
Protohemin dimethyl ester 

2,4-Di(alpha bromoethy1)deuteroporphyrin 

oc tame thy lporphyr in 
octaethylporphyrin 

oc taethylhemin 

Iron(I1) Phthalocyanine 

Iron(I1) Phthalocyanine Diquinoline 

Mesoporphyrin (IX) 

Mesohemin (IX) dimethyl ester 

Phthalocyanine Iron (11) (1x1) 

Set B 

19 - 22 
23 - 26 
27 - 29 
30. x (MgTBP) + pyridine 
31 - 34 x + Additives: H20, H2C0, NH3, CN 

H2, Zn, Mg, Fe Tetrabenzporphines 
Cu, H2, Mg, Fe Pthalocyanines 
H2, Mg, Fe Tetraphenylporphins 

23 



2.4 DETAILED DISCUSSION OF RESULTS USING TECHNIQUE A** 

2.4.1 CHEMICAL STRUCTURE 

2.4.1.1 Aromatic Compounds 

. About f i f t y  aromatic  hydrocarbons of increas ing  complexity were ex- 

amined i n  t h e  present  s tudy.  A s  shown i n  Table  IV they ranged from ~ 

' s i m p l e  coupl ing of benzene r i n g s  t o  massive fus ing  of such r i n g s  i n t o  

g r a p h i t e - l i k e  molecules of s i x  r i n g s  and more. A s  a genera l  r u l e ,  t h e  

l a r g e r  t h e  number of condensed r i n g s  i n  a compound, t h e  longer  t h e  

wavelength of i t s  i n i t i a l  absorp t ion  bands. For example, benzene 

absorbs s t r o n g l y  i n  t h e  u l t r a v i o l e t ,  wi th  i t s  i n i t i a l  band a t  about 

280 nm. Pentacyc l ic  perylene has  i t s  i n i t i a l  band a t  about 432 nm. 

The foregoing d a t a  are f o r  the compounds i n  s o l u t i o n  a t  room tempera- 

t u r e .  

I n  t h e  s o l i d  state,  however, the  absorp t ion  bands a r e  superimposed 

upon a s c a t t e r i n g  background of cons iderable  i n t e n s i t y  depending on t h e  

d i s p e r s i o n  of t h e  s o l i d  organic  mat te r .  The peaks of perylene as  shown 

i n  F ig .  5 are broadened from band widths of about 10 nm t o  about 25 nm, 

and i n  a d d i t i o n  they a r e  s h i f t e d  t o  longer wavelengths by about 35nm. 

2.4.1.2 Aromatic Compounds With Hetero Atoms 

Nitrogen-containing aromatic compounds showed s i m i l a r  e f f e c t s  The 

compounds s t u d i e d  were indole,  carbazole ,  dibenz oc arbaz o le ,  benz o- 

quinol ine,  phenazine and b e n z o n i t r i l e .  Carbazole f o r  example, showed 

peak broadening of about 5%; peak s h i f t  was 15 nm t o  t h e  red.  

** . The c o n t r i b u t i o n s  by D r .  G.  W .  Hodgson t o  t h e  d iscuss ion  i n  Sec t ion  
2.4 a r e  g r a t e f u l l y  acknowledged. 
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Oxygen analogs were dibenzofuran and 2, 3-benzodiphenylene oxide, and 

t h e  same e f f e c t s  were observed. 

* 
2.4.1.3 Nitrogen-containing Dyes 

To t e s t  t h e  e f f e c t s  due t o  azo-ni t rogen bonding, t h e  fol lowing dyes 

were examined: Methyl Red, B r i l l i a n t  Green, Bismark Brown and 

Auromine 0. A l l  of t h e  dyes show broad bands i n  aqueous s o l u t i o n  

w i t h  band widths  i n  the  range of 80-150 nm. I n  the s o l i d  s t a t e  t h e  

absorp t ion  bands become t o o  broad t o  be discerned.  

-I- 

2.4.1.4 S u l f u r  Compounds" 

Phosphorous p e n t a s u l f i d e  e x h i b i t s  th ree  bands i n  the  blue end of t h e  

v i s i b l e  spectrum. I n  s o l u t i o n  (benzene-methanol) these  occur a t  450, 

425 and 400 nm. The most i n t e n s e  band (450 nm) has a band width of 

about 5 nm. I n  t h e  s o l i d  s t a t e  t h i s  compound g ives  a spectrum y e t  t o  

be determinsd 

The phenomenon of t h e  formation of po lysul f ides  thr'ough a d d i t i o n  of 

e lemental  s u l f u r  t o  s u l f i d e s  i s  w e l l  known. For example s u l f u r  adds 

t o  sodium s u l f i d e  g iv ing  an i n t e n s e  yellow chromophore a t  408 nm wi th  

a band width of about 40 nm. 

behaves i n  a manner y e t  unknown t o  u s .  

I n  the  s o l i d  s t a t e  sodium polysul f ide  

2.4.1.5 Porphyrins 

Eighteen porphyrins of varying s t r u c t u r a l  conf igura t ions  were examined. 

These are i l l u s t r a t e d  

t o  h ighly  s u b s t i t u t e d  

i n  Table v and range from u n s u b s t i t u t e d  porphin 

hematoporphyrins. I n  s o l u t i o n  porphyrins have 

* 
This  d a t a  w a s  k indly  suppl ied  by D r .  C;, W, Hodgson. 
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an i n t e n s e  band n e a r  400 nm,and s e v e r a l  less i n t e n s e  bands i n  t h e  r e d  

end of t h e  spectrum. 

showed a s t r o n g l y  modified p a t t e r n  i n  which t h e  major (Soret)  band i s  

weakened and broadened t o  a marked degree.  The non-Soret bands, however, 

remain c l e a r l y  d i s c e r n i b l e  and a r e  s h i f t e d  t o  longer wavelengths by about 

5-15 nm. While some broadening of t h e  non-Soret bands is evident ,  it 

seems q u i t e  l i m i t e d .  Figure 6 o r  7 i l l u s t r a t e s  t h i s  change i n  spectrum 

f o r  two porphyrins,  Again a s  w i t h  the o ther  organic  compounds, t h e  

background due t o  s c a t t e r i n g  i s  c l e a r l y  ev ident ,  increas ing  with s h o r t e r  

wavelengths. 

When examined i n  t h e  s o l i d  s ta te  porphyrins 

2.4.2 TEMPEILATURE EFFECTS 

Two mani fes ta t ions  of temperature change a r e  considered. I n  one, t h e r e  

is  a phase change with decreas ing  temperature, with,  f o r  example, a 

change from t h e  l i q u i d  s t a t e  t o  s o l i d  s t a t e .  I n  a sense the  foregoing 

d a t a  have d e a l t  w i t h  t h i s  kind of temperature change involving changes 

from s o l u t i o n  s t a t e  t o  c r y s t a l l i n e  s o l i d  s t a t e  €or the organic  compounds. 

F igure  11 presents  the change experienced when ovalene--a ten- r ing  

aromatic  hydrocargon--was cooled from room temperature t o  7 7  K. A s h i f t  

of about 6 nm t o  longer wavelength i s  noted f o r  the i n i t i a l  absorp t ion  

band, and i n  a d d i t i o n  a c l e a r - c u t  sharpening of the i n d i v i d u a l  bands 

is  ev ident .  

from 15 t o  11 nm. 

0 

The sharpening w a s  about 25$ reduct ion  i n  band width, i .e.,  

2 . 4 . 3  MATRIX EFFECT (TECINIQUE A )  

The foregoing r e s u l t s  were obtained without  regard t o  the d e t a i l e d  

physical  s t a t e  of the  organic  mat ter .  I n  general ,  the  organic  compounds 

were obtained i n  c r y s t a l l i n e  form and. grcjilnd i n  a mortar t o  a p a r t i c l e  

s i z e  less than 0.2 mm i n  diameter .  The powdered s o l i d  was then sus-  

pended i n  t h e  l i g h t  path of the  spectrophotometer by sandwiching i t  
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between two o p t i c a l  f a c e s  e i t h e r  a lone or with an i n e r t  binder,  Dow 

Corning s i l i c o n e  s topcock grease.  I n  n e a r l y  a l l  ins tances ,  the spectrum 

obtained f o r  t h e  dry  powder was i n d i s t i n g u i s h a b l e  from t h a t  f o r  t h e  

suspension i n  s i l i c o n e  grease.  Accordingly, the  grease  mat r ix  was 

used as a mat te r  of convenience, except  i n  those r a r e  i n s t a n c e s  wherein 

t h e  o r r ; m i c  compound under examination was s l i g h t l y  s o l u b l e  i n  t h e  

s i l i c o n e  prepara t ion  g iv ing  r i s e  t o  a r e g u l a r  s o l u t i o n - t y p e  spectrum. 

I n  some experiments, water  was added t o  t e s t  i t s  e f f e c t  on t h e  absorp- 

t i o n  c h a r a c t e r  of the  organic  compounds. Except i n  the  case of 

n i t rogen-conta in ing  dyes t h a t  were s o l u b l e  i n  water,  t h e  only n o t i c e a b l e  

e f f e c t  w a s  t o  reduce t h e  background s c a t t e r .  

-L. 

To more c l o s e l y  approach t h e  Ilpresumed"" i n t e r s t e l l a r  condi t ions  involving 

t h e  presence of i n e r t  inorganic  substances,  many experiments were c a r r i e d  

out  w i t h  admixtures of known mineral  substances.  I n  t h e  f i r s t  ins tances ,  

t h i s  w a s  done by gr inding  t h e  organic  and inorganic substances toge ther  

wi th  s i l i c o n e  grease  i n  the  mortar.  The s o l i d s  comprised s i l i c a  gel ,  

a lumina, g 1 ass  , carbonates  , sha 1 e s  and c a r  bon ace ous c hr  ondr i t es (Orgue i 1, 

Murray and P u e b l i t o  de Allende).  The genera l  e f f e c t  i n  n e a r l y  a l l  cases  

was f o r  t h e  i n e r t  s o l i d s  t o  merely d i l u t e  t h e  absorp t ion  of l i g h t  by t h e  

organic  substances.  I n  some ins tances  the  organic  compounds s t i l l  showed 

d i s c e r n i b l e  s p e c t r a l  f e a t u r e s  a t  concent ra t ions  of a few percent  of t h e  

t o t a l  aggregate.  

I n  some ins tances ,  moreover, the  presence of p a r t i c u l a r  i n e r t  s o l i d s  

seemed t o  enhance the  absorp t ion  f e a t u r e s  of the  organic  compounds. 

This  was ev ident  pr imar i ly  i n  experiments involving admixtures wi th  

s i l i c a  ge l ,  alumina and g l a s s  powders. S i l i c a  g e l  and alumina particles 

s t r o n g l y  adsorb organic  substances on t h e i r  sur faces ;  g l a s s  of course,  

is more t r a n s p a r e n t  than o ther  mineral  aggregates .  Consequently, 

f u r t h e r  a t  t e n t  ion 

This was w r i t t e n  
.IC 

was d i r e c t e d  t o  t h e  absorp t ive  c h a r a c t e r i s t i c s  of 

p r i o r  t o  x i d e n t i f i c a t i o n .  
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organic  compounds of primary i n t e r e s t  on t h e  s u r f a c e s  of such s o l i d s .  

I n  d e t a i l ,  t h e  experimental  approach was as  fol lows Mesoporphyrin I X  

dimethyl ester was d isso lved  i n  benzene t o  g ive  a s a t u r a t e d  s o l u t i o n .  

A few m i c r o l i t e r s  of t h e  s o l u t i o n  were placed on a f l a t  o p t i c a l  face  

and t h e  s o l v e n t  allowed t o  evaporate .  The r e s u l t i n g  f i l m  showed a 

weak rounded S o r e t  band but  d i s t i n c t  non S o r e t  bands. The same s o l u t i o n  

evaporated onto f ine ly-d iv ided  sodium carbonate  and s i l i c  a c i d  powders 

gave no d i s c e r n i b l e  absorp t ion  f e a t u r e s .  The same procedure f o r  chro-  

matographic s i l i c a  g e l  gave w e l l  def ined  s p e c t r a  as  i n  the  case of the  

evaporated fi lm, but  s i m i l a r  concent ra t ions  on the  same s i l i c a  g e l ,  

reduced t o  a very f i n e  powder, f a i l e d  t o  give any s i g n i f i c a n t  f e a t u r e s .  

Glass  spheres  embodying the s u r f a c e  e f f e c t  of a f l a t  o p t i c a l  s u r f a c e  

while  r e t a i n i n g  t h e  p a r t i c u l a t e  aspec t  of presumed i n t e r s t e l l a r  dust ,  

when coated w i t h  mesoporphyrin from s o l u t i o n ,  gave s h a r p  s p e c t r a  f o r  

non-Soret bands; t h e  S o r e t  band w a s  almost completely suppressed. Two 

s izes  of g l a s s  beads were used, 0.27 and l . O m m ,  and there  were no d i f -  

fe rences  i n  s p e c t r a  noted .  Figures  11, 12 ,  and 13 a r e  r e p r e s e n t a t i v e  d a t a  

f o r  3 hydrocarbons out  of a t o t a l  of 50 t h a t  were s tud ied- -see  

Table IV. 

2 * 4  ~ 4 MIXTURE EFFECT 

A l l  of t h e  compounds included i n  the  present study, with t h e  except ion 

of porphyrins,  exhib i ted  absorpt ion bands a t  widely s c a t t e r e d  p o s i t i o n s  

i n  t h e  u l t r a v i o l e t  and v i s i b l e  spectrum. With l i t t l e  or  no i n t e r a c t i o n  

between t h e  compounds, the s p e c t r a l  f e a t u r e s  of mixtures of these  com- 

pounds a r e  taken t o  be s i m p l y  a d d i t i v e ,  and the n e t  e f f e c t  is  t o  give 

a curve ( see  F ig .  14) which i s  c h a r a c t e r i s t i c  f o r  random mixtures of 

l a r g e  numbers of these  compounds, Note t h a t  i t  does n o t  show any 

s p e c t r a l  f e a t u r e s  from 5000-66001. 

48802 i s  opposi te  t o  what is observed astronomical ly .  

have a bear ing on r e c e n t  t h e o r e t i c a l  d i scuss ions  by B. Donn , who proposed 

9 

A l s o  the  change i n  s lope  s h o r t  of 

These experiments * 
e 

B. Donn, Ap. J .  L e t t . ,  152, L 129 (1968). 
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eQUATERPHENYL 

1 If-BENZANTHRACENE 

CHJ 

$,IODIMETHYL ANTHRACENE 

TABLE IV 
EXAMINED HYDROCARBONS 

m-QUATERPHENYL 

TRIPHENYLENE 

pWINWEPHENYL 

CORONENE 

CHI CH, 

o,o'-BITOLY L 

m-QUINQUEPHENY L 

1,2*BENZPYRfNE 

RETENE 

9,lODIPHENYL ANTHRACENE 

PERYLENE 

3,CBENZPYRENE 

RUBRENE 
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TABLE IV (Continued) 

TRIPTYCENE 

EXAMINED HYDROCARBONS 

~,&3,4-Ol BENZANTHRACENE 2,3,6,7-Dl BENZANTHRACENE 

1,2,4,3-D1 BENZPY RENE 

3,4,~,9-DI B E ~ ~ P Y  RE N 
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TABLE N (Continued) 

ETHYL B I P H E ~ Y ~  

EXAMINF,D HYDROCARBONS 

AME ULEM 
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t h a t  such a composite mixture might both s imula te  t h e  wavelength 

dependence of i n t e r s t e l l a r  e x t i n c t i o n  as  w e l l  a s  reproduce t h e  

i n t e r s t e l l a r  l i n e s .  (It does n o t . )  

2 - 5  DETAILED RESULTS USING TECHNIQUE A (PORPHYRINS, SET A) AND 
DISCUSSION 

The se t  of 18 porphyrin compounds of s e t  A ( see  Table 111) provided f o r  

us were modified chemical ly  so  as  t o  c a - s e  var ious d t f f e r e n t  appendages 

t o  be s u b s t i t u t e d  on i t s  bas ic  ske le ton  s t r u c t u r e .  Each of these  new 

compounds were then examined a t  77' as w e l l  a s  a t  room temperature.  

Some of t h e s e  compounds were Fe* and Fr complexes. S p e c i a l  pre- 

c a u t i o n s  had t o  be taken f o r  t h t  Fe complexes, s i n c e  these  were i n  

t h e  reduced s t a t e .  A l l  s y n t h e s i s  had t o  be c a r r i e d  out  i n  a dry  box 

+* 
-t-t 

and t h e  sample s e a l e d  pr ior  t o  t a k i n g  the spec t roscopic  absorpt ion 

measurements. Table  V l i s ts  t h e  names and r e s u l t s  of a l l  t h e  porphyrin 

compounds ( s e t  A) t h a t  were examined. 

The main conclusion from our s t u d i e s ,  a l ready  reported on e a r l i e r ,  is  

t h a t  d a t a  f o r  molecular absorp t ions  i n  l i q u i d s  d i f f e r  g r e a t l y  from 

those i n  s o l i d  mat r ix  suspensions.  Whereas the  porphyrin s p e c t r a  looked 

s u f f i c i e n t l y  suggest ive t o  cont inue the  experimental  s e a r c h  us ing  a 

l a r g e  number of porphyrin compounds ( see  Tables 111 and V )  and under a 

v a r i e t y  of condi t ions ,  t h e  hydrocarbon d a t a  d i d  n o t  even remotely 

suggest  the  s l i g h t e s t  s i m i l a r i t y  t o  the d i f f u s e  i n t e r s t e l l a r  s p e c t r a .  

Furthermore, a l l  t h e  porphyrins s tud ied  i n  t h i s  survey showed anomalous 

behavior f o r  t h e  Sore t  b,and under s o l l d  mat r ix  suspension techniques.  

The following conclusions can be drawn from the  s o l i d  matr ix  suspen- 

s i o n  da ta  of porphyrins,  low temperature s t u d i e s  of a l l  the  hydrocar- 

bons, and t h e  composite absorp t ion  mixtures (Fig.  14):  although 

q u a l i t a t i v e  f e a t u r e s  a r e  sugges t ive  of i n t e r s t e l l a r  l i n e s  f o r  the 

porphyrin compounds, the v a r i a t i o n s  t h a t  can be introduced by the  

technique employed as  wel l  as  t h e  nonreproducib i l i ty  and t h e  lack  of 
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sharpness  of t h e  l i n e s  p a r t i c u l a r l y  t h e  v i r t u a l  absence of a s t r o n g  

S o r e t  absorp t ion  l i n e ,  e l i m i n a t e s  both  the technique as  w e l l  a s  t h e  

samples (Set  A of  Table  3 )  f o r  i n t e r s t e l l a r  absorp t ion  candida tes .  The 

d i f f u s e  i n t e r s t e l l a r  l i n e s  do n o t  t h e r e f o r e  o r i g i n a t e  i n  s o l i d  g r a i n s ,  

n e i t h e r  do they a r i s e  from i m p u r i t i e s  i n  g r a i n s .  Since t h e  carbonaceous 

chondr i tes  however do show the presence of var ious  types of hydrocarbons, 

t h i s  genera l  survey s t u d i e s  undertaken here might prove of i n t e r e s t  i n  

t h a t  work. These s t u d i e s  do n o t  r u l e  out the  ex is tence  of molecules 

of Tables  IV and V e n t i r e l y ,  however they do preclude t h e i r  discovery 

i n  t h e  o p t i c a l  reg ion  of t h e  spectrum with the  s e n s i t i v i t y  present ly  

a v a i l a b l e  t o  astronomers.  
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3; 
TABLE V 

EXPERIMENTAL RESULTS 

LIQUID NITROGEN SPECTM OF PORPHYRINS (TECHNIQUE A) 

Gener a1 Formula : 

Name 
- 

Formula 

C02 H 

Deuteroporphyrin I X  
dimethyles t e r  

CH3 . C H = C H Z  
w 

'max 
(Sore t ) 

C o m e n  t 

Protoporphyrin I X  
dime t h y l e s t e r  

D r .  C. E.  C a s t r o  kindly a s s i s t e d  i n  the  c o n s t r u c t i o n  of Table V. 
* 
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Name F or  mu 1 a 'max Comment 
(Sore t )  

CHJ C H = C H Z  
U 

Protoporphyrin I X  

4045 (S)  
3900 (S) 

Room Temp. 
I t  I 1  

Porphine 

3925 (M) 
3970  

Mesoporphyrin 
dimethyles t e r  

IX 
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Name For mu1 a Amax C omen t 
(Soret) 

S 
CH3 CH-CH3 

W 4400 

porphyrin I X  
d i m e  t hy l e  s t e  r 

2,4 -d i -a- th io-  
phenyle thyldeu 
porphyrin I X  

2,4  -d i -a -br  omo - 
e thyldeuter o- 
porphyrin I X  

CH -S 

CH3 

4040 
in  

405 0 

05 0 

EPA glass 

Room Temp. 

Grease & 
glass  powder 

Grease & 

A1203 

4 000 (B) 
11 

EPA glass  
EPA Room Temp. 

C" 3 

YH-Br 

CH3 

CH2 CH3 

C 0 2  H 
CH2 

4150 ( E )  
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N a m e  For  mu 1 a Amax 
(Soret  

Hema t o por phy r i n  CH2 C H 3  

C H Z  
C02 H 

CH 

CH 

Oc t ame thy 1 - 
por phyr i n  

4000 (M) 
i n  CHC.13 

3855 (B)  

3975 ( B )  
4075 (B) 

CHZ C H ~  

Oc tae  thy 1 - 
porphyrin CH3 C H Z c t i 3  

C H 2  

C o m e n  t 

Room Temp. 
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N a m e  
- 

Formula Amax 
(Sore t )  - 
3960 (B) 

C H 2  C H ~  

C H z  C H ~  

M e  s of o r  my 1 oc t a - 
e thy1  por phyr i n  c H g  C H * C H ~  

C H 2  

Comment 
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PORPHYRINS 

General Lormula: )i?( 
See previous pages 
f o r  s p e c i f i c  
ske le tons  n 

Porphyrin Amax - 
Mesoporphyrin I X  d imethyles te r  3925 (M) 

3970 

Protoporphyrin IX dimethyles te r  

2,4  -d i-a- thiophenyle  thy 1 - 
deuteroporphyr indime thy le s  t e r  

2,4-di-a-thiophenyldeuteroporphyrin 4000 (B) 

Hematoporphyrin 4000 (M) 

4 4 0 0 ( B )  
4040 (M-S) 

Octamethylporphyrin 3855 ( B )  

Oc t a e  thy lporphyr in  3975 ( B )  
4075 (B) 

Me s o -For my 1 oc t ae thy 1 por phyr i n  3960 (B)  

Porphine 4045 (S)  
3900 (S) 

C o m e n  t 

D i f f .  Condi t ions 

EPA Glass 
CHC13 Room Temp. 

EPA Glass 

i n  CHCI3 Room Temp. 

Room Temp. 
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PORPHYRIN DICATIONS (CF3C02H) 

General formula: 

See porphyrin l i s t  f o r  s u b s t i t u e n t  v a r i a t i o n s .  

H Porphyrin Dica t ion  ( Porp H 2 2  

Mesopor phyr i n  I X  dime thy les  t er HF 4030 ( M) 
-H- 
2 Protoporphyrin I X  d ime thy le s t e r  H 

2,4 -di-a- t h i o  pheny l e  t h y  lde#t e r  o - 
porphyrin d imethyles te r  H2 

2,4-di-a-thiphenylethyldeutero- 
porphyrin H2 

Hematoporphyrin H2 

Oc tamethylporphyrin H2 

-H- 
OC t ae thy 1 porphyrin H2 

Meso-Formyloc tae thy1  por phyr i n  t: 

-H- 

x 

-44- 
2 

4050 (VB) 

4100 (B) 

4050 (B) 

4045 ( B )  

4000 (B) 

4025 

4235 (M) 
4520 (M) 

C ommen t 
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IRON '(11) COMPLEXES 

General formula @ - N #' 

2 -  I 

I 

L = ammonia (NH ) o r  pyr id ine  3 (pyr .  i.e.,o 1 

N 

Porphyrin s ke l e  t on 

Mesoporphyrindimethylester 

Pr o to  porphyr indime thy le s  t e;. 

Octaethylporphyrin 

Deuter  opor phyr i n  IX 

I 
L 

end on 

I1 I1 
Fe Porp (NH312 Fe Porp (0 1 

N 
3930 (M) 4055 (M),4445 

3980 (M) 4295 (B) 

3945 ( M) 

4125 (B) 

3950 (M) 

4020 (M) 
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IRON (111) COMPLEXES 

General formula: 

(end on) 

L = ammonia (NH ) 
or  pyr idine3 (0 1 

N 

U 
m L -  f e  - 1  

a l s o  

I11 Porphyrin s k e l e t o n  Fe (Porp) 
(NH3) 2 

M e  sopor phyr ind i m e  t hy les ter  3 935 

Protoporphyrindimethylester 3970 (M) 

Oc t ae thy1  por phyr i n  

Deuteropor phyr i n  

B n 
f o r  hemin 

3950 (Pi) 

4040 (B) 3975 
3 94 0 (Rm, Temp. ) 

3905 (M) 

3910 4000 (B) 3975 (M) 
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MISCELLANEOUS PORPHYRIN SPECIES 

Compound 

I1 Cytochrome C (Fe ) 

Cytochrome C (Fe"') 

Chlorophyl l  A 

Chlorophyl l  B 

max x 

4145 (VS) 

4105 (S) 

- 

443 0, 
4440 (M) Room Temp. 

4375 

4550 (S) Room Temp. 
465 0 
4380 

(Note: a l l  of t h e  above are i s o l a t e d  molecules L e . ,  t h e  p ro te in  
prevents  porphyrin- por phyr i n  i n t e r a c t  ions.  ) 

COPPER COMPLEX 

O c t a E  (Cu * )(  0 1 2  

-x- 
Octaethylporphyrin (Cu ) 

N 

4410 (M) 4370 
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SECTION 3 

RESULTS --CONTINUED 

3.1 THE TETRABENZPORPHINES, TECHNIQUE B 

F i r s t ,  a survey of these  and r e l a t e d  compounds was undertaken (see  Table 

V I )  us ing a v a r i e t y  of techniques and condi t ions .  

concentrated on Mg TBP d i p y r i d i n e .  It was i n s t r u c t i v e  t o  examine t h e  

s p e c t r a  of molecule x under a v a r i e t y  of condi t ions .  The f i r s t  series 

of experiments involved room temperature measurements a t  d i f f e r e n t  

concent ra t ions .  Fig.15 shows a series of such runs us ing  t h e  s o l v e n t  

pyridine.  Note t h a t  a t  t h e  lowest concentrat ion,  A, only t h e  Sore t  band 

a t  44202 is recognizable .  

f e a t u r e s  become recognizable .  

same concent ra t ion ,  however t h e  path l e n g t h  w a s  increased from 3mm f o r  

A t o  lo rn  for B)': Curve D is f o r  a path length  of 10 c m .  E is  pyr i -  

d i n e  alone i n  a 10 c m  long c e l l .  F is f o r  another  so lvent ,  namely, 

'I.E.A. Figure16 shows the  r e s u l t s  of a s e r i e s  of runs u s i n g  T.E.A. as  

so lvent .  Note t h e  s h i f t  of the  S o r e t  band t o  s h o r t e r  wavelengths 

(43008). 

are represented  by curves A and C of Fig.  16, taken a t  room temperature.  

Curve B of Fig.16 is  f o r  a s o l u t i o n  of Mg TBP + 2CN i n  EPA a t  77'K 
producing a t ransparent  "g lass t1  matrix.  

t h e  s p e c t r a  is apparent .  The background s l o p e  i n d i c a t e s  some c l u s t e r -  

type a s s o c i a t i o n ,  r e s u l t i n g  i n  s c a t t e r i n g .  

From t h i s  d a t a  we ~ 

A s  t h e  concent ra t ion  is increased  o ther  

(A and B of Fig.15 a r e  a c t u a l l y  a t  t h e  

-1- 

The same concent ra t ion  but  a 3mm and 1 cm c e l l  r e s p e c t i v e l y ,  

Some a d d i t i o n a l  s t r u c t u r e  i n  

Following these  s t u d i e s ,  we concentrated exc lus ive ly  on Mg TBP + 
d i p y r i d i n e  (moleculeX) . The technique B, which has s u c c e s s f u l l y  

demonstrated t h e  presence of x molecules involved suspension of t h e s e  

molecules i n  an i n e r t  mat r ix  us ing  " i s o l a t i o n "  Shpols ' k i i  techniques.  
* 

(A) 3mm c e l l ,  1 O : l  d i l u t i o n ;  (B) lcm c e l l ,  1 O : l  d i l u t i o n ;  (C) 3mm c e l l ,  
o r i g i n a l  s t r e n g t h ;  (D) lOcm c e l l ,  1 O O : l  d i l u t i o n .  
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This enables the  molecules t o  be separated from each other s ince  we 

showed from our previous s tud ie s  t h a t  i t  w a s  the  presence of adjacent  

molecules t h a t  caused the undesirable broadening of the Soret  band, 

f o r  instance.  Figure 1 7  shows the Sore t  absorption band of molecule x 
a t  77OK, i t s  l i n e  width a t  ha l f  power points i s  408, moreover, the peak 

of the absorption coincided within experimental e r r o r  with the a s t r o -  

nomically observed l i n e  a t  44282. 

scopic coincidences were observed, These r e s u l t s  a r e  described i n  

Table V I I .  The set of coincidence wavelengths which a re  bracketed i n  

TableVIt no t  have the same weight (due t o  the lower S/N) as  the 

other da t a .  Other weaker t r ans i t i ons  were also observed. 

These provide good candidates f o r  checks of the model, provided more 

s e n s i t i v i t y  is  a t t a inab le  w i t h  the astronomical observations.  Note 

t h a t  16 coincidences were establ ished of the laboratory 77'K data  and 

the d i f fuse  i n t e r s t e l l a r  l i nes .  

A l a rge  number of addi t ional  spec t ro-  

do 

A s  w i l l  become apparent i n  the subsequent discussions,  the physical con- 

d i t i ons  under which molecule x e x i s t s  i n  outer  space i s  somewhat d i f f e r e n t  

from our laboratory condition. Hence, the precise  matching of 16 l i n e s  

with the indicated precis ion speaks wel l  €or the " i so la t ion"  technique 

employed 

The only experimental d i f f i c u l t y  was the blending of about 3 l i n e s  i n  

the 62848 region i n  absorption. 

by fluorescence techniques 

T h i s  d i f f i c u l t y  was  p a r t i a l l y  overcome 
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Figure 17. Laboratory Measurement Soret Band of Molecule x 
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TABLE V I 1  

LABORATORY MEASUREm0TS ON MOLECULE x 
AT 7 7  K 

LABORATORY MEASUREMENTS 

No. of 
Independent 

Observations 6 
Measurements 

6 

1 

1 

2 

1 

2 

2 

2 

2 

2 

1 

2 

2 

1 

1 

1 

1 

M e  an 
Wavelength 

0 

($8) 

4428  

4 8  83* 

(47 6 1 >w 

5422  

( 5 4 4 8 )  

54865 

5704  

5776 

5 7 8 1  

5 7 985 

(5843  )w 

5849  

6174  

( 6 1 7 5 )  

6284  

66 14 

6663 

REMARKS 

Width 
8 

4 0  

14 

2 

6 

2 

3 .5  

3 

10 

2 

1.5 

2 

1.5 

10 

25 

<2 

<2 

<? 

Sore t  (0, 0) 
S t a t e  A 

(0, 0) S t a t e  B 
I 1  I I  

Emission l i n e +  

Emission l i n e +  

Emission l i n e +  

ASTRONOMICAL DATA*** 

Absorption Width 

4428  20 - 

4883 

4762  

5420  

5448 

5487 

5705 

5778 

5780  

5797 

5 844 

5850 

6175 

40 

4 

10 

14 

5 

4 

17 

2 .5  

1.2 

4 

1 

30  

6284 4 

6614 1 

6661  1 

Jx 
The A6284 absorp t ion  reg ion  c o n s i s t s  of an unresolvable  blend of 3 
poss ib le  l i n e s .  Fluorescence gave sharp  l i n e .  

48838:  
** 

superimposed on t h i s  weak band seems t o  be a T r i p l e t  a t  AX4877, 
4883 ,  4 8 9 0 .  

*** 
This d a t a  was kindly suppl ied by D r .  G. H. Herbig €or H.D.  183143.  
We a r e  g r e a t l y  indebted t o  him f o r  providing t h i s  c r i t i c a l  d a t a  pr ior  
t o  publ ica t ion .  

Observed by f luorescence  techniques 
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3 - 2  I R  SPECTRA 

I n  view of t h e  success  i n  matching t h e  d i f f u s e d  i n t e r s t e l l a r  l i n e s  

w i t h  l a b o r a t o r y  s p e c t r a  i n  t h e  o p t i c a l  regime, it is  reasonable  

t o  i n q u i r e  whether o t h e r  s p e c t r a l  reg ions  o f f e r  p o s s i b l e  a d d i t i o n a l  

c o r r o b o r a t i v e  evidence. 

y,. The astronomical  d a t a  by S techer  g ives  e s s e n t i a l l y  a s i n g l e  

s t r o n g  broad a b s o r p t i o n  band centered a t  210011 (p lus  some o t h e r  poss ib le  

s t r u c t u r e ) .  

Very s t r o n g  W absorp t ions  a r e  pred ic ted  f o r  many hydrocarbons e.g. 

benzene and p y r i d i n e ,  but  t h e  astronomical  d a t a  is  not  a v a i l a b l e .  

The s i t u a t i o n  is  b e t t e r  i n  t h e  I R .  See Table  IX f o r  a l i s t  of 

as t ronomical  absorp t ion  l i n e s  taken from t h e  recent  l i t e r a t u r e .  

S ince  each absorp t ion  l i n e  is  weak, it was expedient and necessary 

t o  t a k e  t h e  average of a l l  t h e  d a t a .  The wavelength p r e c i s i o n  is  

about 2% f o r  t h e  astronomical  d a t a  and 1/2% f o r  l a b o r a t o r y  d a t a .  

Table  X 

corresponding t o  t h e  I R  as t ronomical  d a t a .  T a b l e V I I I  shows our 

measurements of four  porphyrinIR s p e c t r a  taken  on two d i f f e r e n t  

spec t roscopic  l a b o r a t o r y  instruments*<. The samples were prepared 

by incorpora t ing  x powder m a t e r i a l  i n  K B r  p e l l e t s .  It is  note- 

There is a p a u s i t y  of l a b o r a t o r y  W d a t a  on 

a l s o  l i s t s  the  major I R  absorp t ion  l i n e s  of molecule x 

worthy t h a t  t h e  s t r o n g e s t  I R  absorp t ion  l i n e s  of molecule x a r e  

accounted f o r  by t h e  i n t e r s t e l l a r  s p e c t r a ,  with t h e  except ion of 

t h e  l i n e  a t  693cm which f a l l s  o u t s i d e  t h e  reg ion  of a c c e s s i b l e  -1 

i n t e r s t e l l a r  I R  absorp t ion  d a t a ,  due t o  atmospheric absorp t ion .  

S ince  our I R  d a t a  on'molecule x i s  c o n s i s t a n t  with & of  t h e  I R  

as t ronomical  absorp t ion  l i n e s  and al lowing f o r  t h e  poor q u a l i t y  of 

t h e s e  pre l iminary  and very d i f f i c u l t  as t ronomical  measurements, w e  

f e e i  c u r  i n t e p r e t a t i o n  p r e s e n t s  a s t r o n g e r  case  than  t h e  published 

*Perkin E l m e r ,  Block Engineering (Digi lab)  e We a r e  indebted t o  
D r ,  P e t e r  R. G r i f f i t h s  of Block Eng. Co. f o r  kindly t a k i n g  a d u p l i c a t e  
se t  of measurements on the  D i g i l a b  instrument,  whose s e n s i t i v i t y  and 
r e s o l u t i o n  was g r e a t e r  than t h a t  of the Perkin E l m e r  instrument .  The 
va lues  quoted i n  Table VI11 a r e  averages from both sets of d a t a .  
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i n t e r p r e t a t i o n  which matches’ on ly  two l i n e s  using (Mg, Fe) S i  O3 and 

o l i v i n e  a s  t h e  suggested absorbing molecules. Moreover, o l i v i n e  

presumably does n o t  match any of t h e  d i f f u s e  i n t e r s t e l l a r  l i n e s  

whereas molecule x does. (Also, t h r e e  a d d i t i o n a l  as t ronomical  l i n e s  

a t  950 and 775 a s  w e l l  a s  1 1 3 5 ~ m - ~  can b e  matched w i t h  t h e  s t r o n g e s t  

I R  a b s o r p t i o n  l i n e s  i n  TBP (or  porphin), b r ing ing  t h e  t o t a l  of I R  l i n e s  t o  

- n i n e  f o r  p o s s i b l e  assignment t o  porphyrin molecules.)  
a n a l y s i s .  

This  needs f u r t h e r  

R .  F .  Knacke e t .  a l . ,  Ap. 3 .  155, p. 189 (1969) 
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1590m 

1475w 

1465111 

1455111 

1430m 

1400m 

1322m 

1287m 

1232s doub le t  

1212m 

l l l 0 v s  

1115s 

1051 t r i p l e t  

1032 

1014 
lOOOm 

887m 

823 s 

753vs 

73 7vs 

7 03 

693 s .v. s h a r p  
62Ow 
61Ow doub le t  

* 

TABLE V I 1 1  

I R  ABSORPTION MEASUREMENTS (an-') 

- H2Pc 

1485111 

1420m 

1320s 

1305s 
1285s 

1260s 
1170m 

1140111 

11 oovs 

1080s 

99ovs 
860vs 

730vs 
718vs 
712vs 
700s 
665w 
600m 
475w 

Porphin 

3300w 

153Ow 

1410n 

1222m 

1135m 

FeTBP 

2985 

2930 

- 

1260 
1245 

1220 

1100 

1070 
1060 

10 50m 

1010 
970vs 
950vs 
9oow 
850vs 
840vs 
7 7 Ovs 
74ow 
725s. 
715s 
690vs 

755 
735 
700 

41 5m 
w = weak, m = medium and s = s t r o n g  * -1 693 = (231 +, 1) x 3 cm 
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TABLE IX 

Object I n t e r s t e l l a r  I R  
A b s o r p t i o n  L i n e s  (Microns) - 

1. R .  A q u a r i i  7 . 8 s  8 . 8 ~  9 . 7 ~  1 1 . 2  12.7 1 2 . 7  

2 .  119  T a u r i  

3. aBoo 

aHer 

aOr i 

w eP 

x CYg 

0 C e t  

4 .  NML Cygnus 
Circurn- 

s t e l l a r  

7 . 8 ~  o r  8 - 0  8.8 9 . 7 s  1 0 . 6  

7 . 8  9 . 1  1 1 . 2  1 2  1 2 . 8  

7 . 8  9 . 7  1 1 . 0  1 2 . 1  12 .9  

7 . 8  8.8 12 .2  13,5 

(7-9)  w i d e  f e a t u r e  w i t h  11.h 1 2 . 2  
s t r u c t u r e  

8.5 

7 .8  9 . 1  1 1 . 0  1 2 . 9  

(7-9) w i d e  12 .2  1 3 . 3  

9 . 2 ~  1 3 . 5  

I 

R e  f e r  e n c e s  : 

1. W .  S t e i n  e t . a l .  Ap. J .  ( L e t t e r s )  - 1 5 5 ,  L 3  ( 1 9 6 9 ) .  

2. R .  F .  Knacke e t . a l  Ap. J .  - 155,  L187 (1969)  (Sugges ted  

3. F. C .  G i l l e t t  e t . a l .  Ap. J .  154, 677 ( 1 9 6 8 ) ( S u g g e s t  c i r c u m s t e l l a r  

o r t h o p y r o x e n e ) .  

m a t t e r ) .  

4 .  W. S t e i n  e t . a l .  Ap. J .  155, L177 ( 1 9 6 9 ) .  

61 



TABLE X 

INTERSTELLAR I R  LINES AND LABORATORY SPECTRA 

Summary of I R  
Astronomical Data: 

Mean Spec t ra  (p) 

-1 Astronomical (cm ) 

F. M. Johnson - Lab Spec t ra  of 
Mol e c u l  e x (cm- ') 

T BP 

H2Pc 

Porphin 

7.8 

1280 

1287m, 

1285s 

8.8 9 .1  9 - 7  (10.6) 11.1 12.2 12.8 13.5 

1140 1100 1030 (950) 900 820 780 740 

2 3 2 ~ - 1 1 1 0 ~ 1 0 5 1  1000,887 823s - 7 5 3 ~ ~  7 3 7 ~ ~  
t r i p l e t  

1160 ( 9 3 5 , 9 6 8 ~ )  830 78Ow 7 3 2 , 7 1 8 ~  
1140 1100~s 1080s 

1135 105Om 95Ovs 85Ovs 770vs 725s 

Vibn i n  plane out of plane 
i n  plane 

C-H C-H Vibn. C-H N-H 
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Porphin Bands I n t e r p r e t a t i o n  of I R  Spec t ra  

1110, 1144 an-' 

7 7 Ocm- 

830-880 

1048, 1184, 1224 

3036, 3102, 3181 

Cu Pc Band2 

735-775 

1000-1300 

1470-1510 

1600-1700 

Ring b r e a t h i n g  v i b r a t i o n  of p y r r o l e .  

(Oppos it e r i n g s  undergo out -of -phase 

v i b r a t i o n ,  f o r  symmetry E i n  D4h)a  
U 

In-phase combination (symmetry A 2 u  i n  

D ) or  an out-of-plane p y r r o l e  r i n g  

deformation v i b r a t i o n  which absorbs 838 
4h 

-1 cm i n  p y r r o l e  i t s e l f .  

Out-of-plane C-H groups. 

In-plane deformation modes of  C-H. 

Allowed s t r e t c h i n g  modes of C-H. 

C-H out of plane v i b r a t i o n .  

C-H i n  p lane  hydrogen bonding. 

C-C r i n g  s t r e t c h i n g ,  

C = N s t r e t c h i n g  bands. 
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3 . 3  THERMODYNAMIC TESTS ON MOLECULE y 

Two types  of t e s t  were performed on powder m a t e r i a l  of x i n  order  

t o  a s c e r t a i n  i t s  chemical s t a b i l i t y .  The f i r s t  involved s e a l i n g  

a few mil l igrams of x i n  a 1 inch q u a r t z  v i a l  under h igh  vacuum. 

This  v i a l  was heated t o  500-600 C whi le  o p t i c a l  t ransmiss ion  measure- 

ments were performed. The c h a r a c t e r i s t i c  green c o l o r  was observed 

due t o  t h e  s t r o n g  molecular absorp t ion  band i n  t h e  6350g region.  

Spec t roscopic  measurements were made dur ing  t h e  e n t i r e  h e a t i n g  

cyc le .  The same experiment was repeated without vacuum s e a l i n g  

t h e  q u a r t z  v i a l ,  i .e .  i n  a i r ,  and obta in ing  s u b s t a n t i a l l y  t h e  same 

r e s u l t s  e 

0 

A more c r i t i c a l  t e s t  on x v e r i f i e d  t h a t  t h e  molecules do not g e t  

destroyed on h e a t i n g  t o  500 C ,  but merely sublime. The equipment 

f o r  t h e s e  measurements involved a molecular beam oven f i l l e d  wi th  

a few mil l igrams of x. The oven had a small  o r i f i c e  which permit ted 

t h e  x molecules t o  escape (when t h e  oven was heated 7500°C) and 

s e t t l e  on a q u a r t z  p l a t e  some 6 inches from t h e  beam o r i f i c e  ( s e e  

Fig.  18). A green d e p o s i t  was obtained on t h e  p l a t e ,  which was 

examined s p e c t r o s c o p i c a l l y  and found t o  conta in  molecule x i n  i t s  

o r i g i n a l  c o n s t i t u t i o n  ( see  Table V I  f o r  d a t a ) .  

0 

64 



as&-- 

------- 

/ WEATE COI b 

.E 
F 

1 

Figure 18. Molecular Beam Apparatus Equipment to Demonstrate 
Sublimation of x Molecules at 5OO0C 
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3 , 4  FLUORESC 

Fluorescence room temperature d a t a  of t h e  major te t rabenzporphin  (TBP),  

Pthalocyanines (Pc) and te t raphenylporphin  (TPP) compounds w a s  taken by 

means of t h e  Aminco phosphorimeter. The room temperature d a t a  are col- 

l e c t e d  i n  Table X I I .  

i n t e r p r e t a t i o n  of t h e  s p e c t r a  lead ing  u l t i m a t e l y  t o  more p r e c i s e  

assignments of energy l e v e l s  and t r a n s i t i o n  assignments of t h e s e  re- 

l a t e d  compounds. The d a t a  are not  of high p r e c i s i o n ,  and hence w i l l  

on ly  be used f o r  q u a l i t a t i v e  comparison s t u d i e s .  More p r e c i s e  f l u o r -  

escence d a t a  were obtained of MgTBP and FeTBP a t  77'K us ing  t h e  s e n s i -  

t i ve  high p r e c i s i o n  scanning equipment. The low temperature d a t a  are, 

t h e r e f o r e ,  f a r  more va luable  i n  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n .  They 

showed some l i n e s  both i n  absorp t ion  and i n  f luorescence y i e l d i n g  t h e  

(0,O) assignments,  

narrower l i n e  width i n  emission t h a n  t h e  corresponding absorp t ion  

Such d a t a  are of importance i n  t h e  t h e o r e t i c a l  

Moreover, t h e  A6284 l i n e  had a much 

blend of about t h r e e  l i n e s ,  r e f e r r e d  t o  previously.  

3.5 COMPLEXING OF PORPHYRIN MOLECULES 

We performed a l a r g e  number of experiments on changing t h e  appendages 

of t h e  b a s i c  porphyrin molecule. Of course,  the  bas ic  porphin macro- 

c y c l e  molecule a l lows  an almost i n f i n i t e  v a r i e t y  of appendages o r  s i d e  

cha ins  t o  be a t tached  t o  the  e i g h t  corner  p o s i t i o n s  as w e l l  a s  t h e  four  

methene bridge-carbon atoms The enormous v a r i e t y  of molecules a r e  

d iscussed  by Falk.  We i n v e s t i g a t e d  a s i g n i f i c a n t  v a r i e t y  of such 

molecules, as shown i n  t h i s  r e p o r t .  The bulk of t h e s e  porphyrins a r e  

J; 

* 
J. E ,  Falk,  "Porphyrins and Metalloporphyrins",  E l s e v i e r  Publ. Co. (1964) e 
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* 
found i n  n a t u r e ,  Another v a r i e t y  of porphyrins, however, can only be 

obtained by e i t h e r  l a b o r a t o r y  (or a s t r o )  s y n t h e s i s ,  These are the 

porphyrins with four  benzene r i n g s  a t tached  a t  t h e  end of each pyr ro le  

u n i t ,  Another s y n t h e t i c  bu t  less s t a b l e  v a r i e t y  has t h e  four  benzene 

r i n g s  a t t a c h e d  t o  t h e  methene bridge-carbon atoms. There a r e  however, 

a s  has  been pointed out  previously,  only two very  important v a r i e t i e s  

because of t h e i r  thermodynamic s t a b i l i t i e s  : t h e  Pthalocyanines and 

t h e  Tetrabenzporphins,  where i n  t h e  former t h e  methene br idge atom is  

n i t r o g e n  and i n  t h e  l a t t e r  i t  i s  carbon. Hybrids of t h e  two a r e  pos- 

s i b l e ,  thus:  

+:* 

‘32 H18 N4 + 

f o r  x = 0 Te  trabenz porphin 

x =  1 Tetrabenzmonazapor phin 

x =  2 Tetrabenzdiazaporphin 

x = 3  Tetrabenz t r i a z a p o r p h i n  

x = 4  P t h a 1 oc y an i n  e 

I n  addi t ion ,  t h e r e  i s  a l a r g e  choice f o r  c e n t r a l  atom, e.g., HZ9 Mg, 

n, e t c .  These compounds were synthesized and ex tens ive ly  s t u d i e d  

by Linstead and h i s  group as  par t  of a long s e r i e s  of s t u d i e s .  

Returning now t o  our o r i g i n a l  s t u d i e s ,  we noted t h a t  i t  is r e l a t i v e l y  

easy t o  remove the  c e n t r a l  atom or  t o  a t t a c h  molecular groups on t h e  

c e n t r a l  atom. Note t h a t  when the c e n t r a l  heavy atom i s  removed, it i s  

replaced by two hydrogen atoms, 

however can only be s imulated i n  t h e  labora tory  wi th  Mg as  t h e  c e n t r a l  

atom and two pyr id ine  groups a t tached  t o  the  c e n t r a l  atom, i t  was 

important t o  s tudy t h e  e f f e c t s  of s u b s t i t u t i n g  o t h e r  groups t o  the 

c e n t r a l  atom. These experiments were performed a t  room temperature.  

Since the  44286: i n t e r s t e l l a r  l i n e  

* Table V l i s t s  r e p r e s e n t a t i v e  porphyrins found i n  na ture ,  which we 
examined e 

TPP e 

** 
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u s i n g  t h e  i n e r t  s o l v e n t  octkne. As can be seen from the  d a t a  i n  Fig.  19, 

each of t h e  groups, C H NH 0, H2C0, 

S o r e t  band i n d i c a t i n g  t h a t  indeed these  groups a t tached  themselves t o  

t h e  Mg atom. We performed one low temperature experiment w i t h  t h e  NH 

r a d i c a l  a t t a c h e d  t o  t h e  Mg atom and found t h a t  a t  l o w  temperatures 

(77'K), t h e  S o r e t  band is  s h i f t e d  t o  43408 ,  whereas i t  i s  4428a u s i n g  

pyridine.  This is  a s i g n i f i c a n t  r e s u l t  s i n c e  some of t h e  a d d i t i v e  

groups have r e c e n t l y  been identFf ied  i n  t h e  i n t e r s t e l l a r  medium by 

radioastronomy. There i s  one molecule however, which a t t a c h e s  i t s e l f  

r e a d i l y  t o  the pyr id ine  molecule t h a t  is water,  ( i n  f a c t  pyridine and 

water are completely misc ib le ) .  This f a c t  l e d  t o  a series of e x p e r i -  

ments which are descr ibed  next  i n  the  s e c t i o n  on reddening. 

* 
NH C H N caused a s h i f t  of t h e  5 5  2 3 5 5  

3 

** 

3 . 6  m G  

Since  Trumpler 's  discovery of co lor  excess  i n  1930 ,  a g r e a t  d e a l  of 

as t ronomical  i n v e s t i g a t i o n  has centered on t h e  s tudy of the  wavelength 

dependence of e x t i n c t i o n  ( c a l l e d  reddening).  A rough 1 / X  dependence 

was g e n e r a l l y  recognized. Through t h e  work of Nandy, Underh i l l  and 

Walker and o t h e r s  t h i s  wavelength dependence of the  i n t e r s t e l l a r  "dust" 

can i n  f a c t  be w e l l  r epresented  by two s t r a i g h t  l i n e s  which meet a t  

about 4 4 3 0 2 .  

t h i s  change i n  s lope,  G .  Herbig" makes a s t r o n g  point  of i t s  poten- 

t i a l  s i g n i f i c a n c e .  Before we d iscuss  our r e s u l t s ,  which bear  d i r e c t l y  

Jc* 

Whereas J. M. Greenberg i n  h i s  a n a l y s i s  chose t o  d i s r e g a r d  
.,--k,k.k 

*JC 
The ammonia and water molecules i n  t h e  i n t e r s t e l l a r  medium were d i s -  
covered by i n v e s t i g a t o r s  under the  l e a d e r s h i p  of c. H. Tomes .  

Good genera l  re ferences  and surveys t o  t h e  f i e l d  are found in 
H.L. Johnson " I n t e r s t e l l a r  Extinction",  Chap. 5 ,  i n  "Nebulae and 
I n t e r s t e l l a r  Matter" ed. by B.M.Middlehurst & L.H.Allen. 
J.M.Greenberg " I n t e r s t e l l a r  Grains", Chap. 6 of same volume.. 

G .  H. Herbig, 1 . A . U .  Symposium No. 31, ( 1 9 6 7 ) .  

*J:* 

*** 

70 



0 0 0 60
 

50
 0 30
 

20
 

63
50
 

0.
 

0.
 

Fi
gu

re
 1
9 

Mo
le

cu
la

r 
"A

dd
-O

ns
" 

to
 M
gT

BP
 

0.
6 

0.9
 



on t h i s  as t ronomical  observat ion,  l e t  us b r i e f l y  review t h e  genera l  

i n t e r r e l a t i o n s h i p  of dust ,  reddening and d i f f u s e  l i n e s .  (1) There 

is  a f a i r l y  good r e l a t i o n s h i p  between reddening and t h e  s t r e n g t h  of t h e  

d i f f u s e  i n t e r s t e l l a r  l i n e s .  A l so  the  s t r e n g t h  of a l l  i n t e r s t e l l a r  l i nes  

g e n e r a l l y  go t o g e t h e r .  

t h e  s t r e n g t h  of i n t e r s t e l l a r  atomic l i n e s ,  mainly because they a r e  

s a t u r a t e d .  Hence most astronomers have g e n e r a l l y  considered t h a t  t h e  

carr ier  r e s p o n s i b l e  f o r  t h e  d i f f u s e  l i n e s  i s  somehow assoc ia ted  w i t h  

t h e  "dust" gra in .  

* 
(2) The reddening i s  n o t  w e l l  c o r r e l a t e d  w i t h  

The fol lowing hypotheses were considered:  

(1) Carrier imbedded i n  g r a i n  

(2) C a r r i e r  on s u r f a c e  of g r a i n  

(3) Grain and c a r r i e r  s e p a r a t e  ( t h i s  would n o t  give a good reddening 

and d i f f u s e  l i n e  c o r r e l a t i o n )  

There l i e s  the  genera l  dilemma: i f  t h e  c a r r i e r  were i n s i d e  the  gra in ,  

then the  d i f f u s e  absorpt ion l i n e  should have a s t r o n g  asymmetric shape 

a s  t h e o r e t i c a l l y  evaluated by J. M. Greenberg and proven i n  our e a r l y  

experimental  s t u d i e s ,  (see e .g . ,  Figs.  6 and 7) .  Since the  c a r e f u l  

as t ronomical  measurements by G .  H .  H e r b i g "  show a p e r f e c t l y  jymmetric 

l i n e  shape f o r  4430, one has t o  r u l e  out  hypothesis  (1). Furthermore, 

as was pointed out  i n  our F i n a l  Report No. 1 (1967) p. 65, poss ib le  

a r b i t r a r y  mat r ix  s h i f t s  could cause s h i f t s  and eventual  broad smear of 

i n t e r s t e l l a r  l i n e s  by a s  much a s  1008; another  impossible s i t u a t i o n .  

Some astronomers suggest  very small  g ra ins ,  a s  Van de  H u l s t  r e q u i r e s .  

However, Greenberg shows t h e o r e t i c a l l y  an asymmetric ~ 4 4 3 0  l i n e  

-LA 

J J--L rC . A  

shape f o r  even very  small  g r a i n  s i z e s  i f  impurity atoms a r e  imbedded 

i n  t h e  g r a i n ,  Even i f  t h e  c a r r i e r  molecule were s i t t i n g  on some 

* 
G, H. Herbig, I . A . U .  Symposium No. 31, (1967). 

G .  H.  Herbig, Za f .  Astroph. 64, 512 (1966) .  

J, M. Greenberg, p. 356 of h i s  survey paper ,  loc  c i t .  

>k* 

** 

72 



h y p o t h e t i c a l  g r a i n  sur face ,  e l e c t r i c  f i e l d  per turba t ions  are s u f f i c i e n t  

t o  a l t e r  t h e  f r e e  atom s p e c t r a ,  This  t o o  was proven experimental ly ,  

us ing  smal l  g l a s s  beads as  "grains".  

Now here  i s  the horn of the  dilemma: i f  one p o s t u l a t e s  t h a t  the "red- 

dening" p a r t i c l e s  and t h e  c a r r i e r s  of the d i f f u s e  l i n e s  a r e  one and t h e  

same p a r t i c l e s ,  then a molecule,, even a b ig  one l i k e  a porphyrin, i s  of 

i n s u f f i c i e n t  s i z e  t o  b r i n g  about t h e  d e s i r e d  M i e  s c a t t e r i n g  (reddening) 

and reproduce t h e  astronomical  1/x s c a t t e r i n g  curves.  

The s o l u t i o n  t o  the  dilemma is  aggregat ion of the  i d e n t i f i e d  i n t e r s t e l l a r  

molecule X i n t o  c l u s t e r s  of roughly t h e  s i z e  of ( l / l O ) x e  

method of complexing X molecules i n t o  a loose ly  bound s t r u c t u r e  is v i a  

molecules of H 2 0  which can e a s i l y  a t t a c h  themselves t o  the  2 pyr id ine  

molecules of each X molecule. M r .  M. Dubin has  suggested t h a t  t h e  

r e c e n t l y  discovered water complexes might have a bear ing on our problem. 

I n  order  t o  i n v e s t i g a t e  experimental ly  the X molecule complexing phenomena, 

we d i sso lved  x molecules i n  an i n e r t  l i q u i d  mat r ix  (octane) a t  room t e m -  

pera ture .  A small  amount of water  was added and t h e  s o l u t i o n  b r i e f l y  

v i b r a t e d .  A cloudy appearance of the  s o l u t i o n  ind ica ted  t h a t  t h e  

d e s i r e d  complexing was being accomplished. Spectroscopic  s t u d i e s  were 

undertaken on t h e  t h r e e  d i f f e r e n t  s o l u t i o n s  i n  1 cm cuvet tes ,  and the 

r e s u l t s  are shown i n  Fig.  20, The t o p  curve A i s  obtained with x molecules 

d isso lved  i n  octane with no water  nor  complexing taking' place, r e s u l t i n g  

i n  complete absence of reddening. The lower curves B and C show two 

d i f f e r e n t  s o l u t i o n s  w i t h  d i f f e r e n t  degrees of complexing, The s t r e n g t h  

of t h e  S o r e t  absorp t ion  band g ives  a measure of t h e  amount of X molecules 

present,  (molar e x t i n c t i o n  -6 x 10 ) whereas the  s l o p e  of t h e  ' 'reddening'' 

curve g ives  a measure of the amount of aggregat ion assuming one has an 

independent measure on t h e  c l u s t e r  s i z e  d i s t r i b u t i o n s ,  The l a t t e r  quan- 

t i t y  was n o t  obtained i n  these  prel iminary i n v e s t i g a t i o n s .  

t h e  most no tab le  phenomena t o  be obserlvcd i n  curves  B and C a r e  t h e  

One s imple 

9c 

* 

5 

However, 

;k 

** M .  Dubin, p r i v a t e  communication. 

L. C. Allen & P .  A .  Kollman, Science 167, 1443 (1970). 
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0 '  .5 1.0 

Figure  20.  Aggregation of x Molecules t o  
S imula te  Reddening: 
A - No aggrega t ion  
B - Various degrees  o f x  a s s o c i a t i o n  
C - Various  ciegrees of x a s s o c i a t i o n  

(Note break i n  s l o p e  011 s h o r t  wavelength s i d e  of 4430 
i n  curve  C )  
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c l e a r l y  recognizable  changes i n  s lope  on t h e  s h o r t  wavelength s i d e  of 

14430. This  e f f e c t  corresponds t o  t h e  astronomical  case and sugges ts  

very s t r o n g l y  t h e  conclusion t h a t  p a r t  of i n t e r s t e l l a r  reddening i n  

c e r t a i n  reg ions  of the  galaxy i s  due t o  c l u s t e r s  of X molecules. I f  

t h i s  hypothesis  proves c o r r e c t ,  then X molecules i n  i n t e r s t e l l a r  space 

can be simply i d e n t i f i e d  by the  change i n  s l o p e  a t  14430. 

The review paper by H. L. Johnson ( l o c .  c i t . )  g ives  examples of a 

v a r i e t y  of e x t i n c t i o n  curves and a v a r i e t y  of assoc ia ted  c r i t i c a l  wave- 

lengths  f o r  s l o p e  changes, suggest ing the  presence of u n i d e n t i f i e d  

molecular complexes o ther  than X i n  t h e  i n t e r s t e l l a r  medium. The change 

i n  s l o p e  of the  reddening curve fol lowing an e l e c t r o n i c  t r a n s i t i o n  (such 

as t h e  S o r e t  band a t  ~ 4 4 3 0 )  can be understood from t h e  work of 

V a n  de H u l s t .  Using h i s  no ta t ion ,  t h e  e x t i n c t i o n  e f f i c i e n c y  f a c t o r  

is  : 

* 

9 2 
4 8 m L - 1  x R e - -  

Qext m 2 + 2  
- - 

where x = ka = 23;aIX a = p a r t i c l e  r a d i u s  

n - i n  = complex r e f r a c t i v e  index 1 2 m =  

= T o t a l  e x t i n c t i o n  c r o s s - s e c t i o n  2 
e x t  Qext  C 

$:* 
Now from s tandard  t reatments  of d i spers ion ,  

be r e l a t e d  t o  the  molecular p o l a r i z a b i l i t y ,  uJ which i n  t u r n  can be shown 

t o  be r e l a t e d  t o  t h e  fundamental p r o p e r t i e s  of the molecule inc luding  

the r e f r a c t i v e  index can 

* 
H e  C. Van de Hulst ,  "Light S c a t t e r i n g  by Small P a r t i c l e s " ,  John Wiley 
& Son, (1957) p 191, 270. 

See e.g., M. Born & E. Wolf, "Pr inc ip les  of Optics", MacMillan Co., 
pp 90-95 (1959), C .  K i t t e l .  

** 
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frequency and i t s  resonant  frequency w i j ,  a s  fol lows:  

2 

- -  1 - -  ' 7 1  N . a .  
n - 1  

nl f 2 2 3 LJ l 1  

osc il l a t  o r  s t r e n g t h  f i j  
= matr ix  element f o r  t r a n s i t i o n  j --f i 'i j 

e , m  =: charge and mass of e l e c t r o n  r e s p e c t i v e l y  

g damping term 

f i  Planck 's  constant /2n 

where, 

It i s  w e l l  known and can be e a s i l y  seen from the  above quota t ions  ( 3 )  
This is  c a l l e d  i j "  t h a t  t h e  p o l a r i z a b i l i t y  changes on resonance u: = ui 

anomalous d ispers ion" .  Furthermore, t h e  p o l a r i z a b i l i t y  a, has a d i f -  11 

f e r e n t  va lue  €or  0 > w than f o r  ui < wij .  

r e l a t e d  t o  t h e  r e f r a c t i v e  index, from equat ions  (2) and ( 3 ) ,  i t  is  

e a s i l y  seen how t h e  l e f t  hand s i d e  of equat ion ( 2 )  would assume d i f f e r e n t  

va lues  depending on whether < 0 i j  o r  w > wij ,  which i n  t u r n  d i r e c t l y  

re la tes  t o  the  e x t i n c t i o n  c ross  s e c t i o n  (equat ion (1)). 

corresponds t o  X4430, whose e l e c t r o n i c  t r a n s i t i o n  p r o b a b i l i t y  i s  l a r g e  

(f - l), then t h e  change i n  s l o p e  on e i t h e r  s i d e  of A4430 is  q u a l i t a -  

t i v e l y  e x p l i c a b l e .  

Now s i n c e  a is  d i r e c t l y  i j  

Hence if w i j  

P r e c i s i o n  measurements of t h i s  e f f e c t  should be performed i n  t h e  n e x t  

phase of t h e  follow-on program. 
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A s  a rough check on our hypothesis ,  consider  t h e  following: 

known from t h e  s tudy of d i e l e c t r i c s  t h a t  the  d i e l e c t r i c  c o n s t a n t  

E(=n ) changes abrupt ly  as  a func t ion  of wavelength fol lowing an elec- 

t r o n i c  t r a n s i t i o n .  Now the  dominant f a c t o r  i n  equat ion  (1) is  the 

f a c t o r  

i t  is  w e l l  

2 
1 

n2 - 1 

n: + 2 

1 q =  - 

where t h e  real  p a r t  n of the  complex index of r e f r a c t i o n  m i s  taken. 

Le t  us  examine a few t y p i c a l  va lues  of t h i s  f a c t o r  (q ) :  
1' 

n 1  1.25 1 .5  2.0 2.5 3.0 

2 
n -1 

2 
n 4-2 

0 0.156 0.295 0.5 0.637 0.73 -- - 4  

It is r e a d i l y  seen t h a t  a small  change i n  the  va lue  of n, p a r t i c u l a r l y  

f o r  va lues  of n c l o s e  t o  uni ty ,  a very marked change i n  the  f a c t o r  q i s  

produced, which i n  t u r n  w i l l  change the s c a t t e r i n g  funct ion,  as seen 

from equat ion (1). 

3.7 DISCUSSION ON THE ORIGIN OF X 

It might be worth while  t o  ponder on the poss ib le  o r i g i n  of t h e  i n t e r -  

s te l la r  molecule X which is  widely d ispersed  throughout t h e  galaxy and 

the  more c l o s e l y  packed hydrocarbons and occasional  porphyrins found 

i n  carbonaceous chondr i tes  We b e l i e v e  t h a t  t h e  X- molecules o r i g i n a t e  

very e a r l y  i n  the evolu t ion  of i! "solar"  system presumably i n  a s s o c i a -  

t i o n  wi th  the  comets whose h ighly  e l l i p t i c  and h igh  v e l o c i t y  o r b i t s  would 

enable  t h e s e  molecules, loose ly  bound t o  cometary nuc le i ,  t o  be c a r r i e d  

f a r  i n t o  o u t e r  space.  The carbonaceous chondr i tes  presumably were - 

formed l a t e r ,  perhaps a t  the time of  t h e  a s t e r o i d  b e l t ,  i n  the  development 
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of t h e  s o l a r  system. Thus, t h e  presence of carbonaceous m a t e r i a l  and 

occas iona l  presence of porphyrins might be due t o  somewhat d i f f e r e n t  

condi t ions  such as higher  d e n s i t y ,  h igher  temperatures and temperature 

g r a d i e n t s ,  t i g h t e r  packing, a s  loose ly  formed chondrules coa lesce  v i a  

weak g r a v i t a t i o n  forces .  

The cometary material is  presumably pr imar i ly  composed c - hydrocarbons 

of t h e  x molecule v a r i e t y  o r  o t h e r  s i m i l a r  compounds i n  a very loose  

s t r u c t u r e ,  such t h a t  when i t  encounters  the  sun on success ive  r e t u r n  

t r i p s ,  the  o u t e r  m a t e r i a l  e a s i l y  becomes vaporized and ionized and 

hence e x h i b i t s  t h e  spec t roscopic  l i n e s  t h a t  a r e  a s s o c i a t e d  with such 

C3, and C 2 .  d i s i n t e g r a t i o n  products as CH, CN, CH , + 

Although porphyrin a s t r o s y n t h e s i s  is  b r i e f l y  discussed i n  S c i e n t i f i c  

Report No. 1, some a d d i t i o n a l  comments w i l l  be made here .  The f o l -  

lowing ques t ions  may be asked: "Are atomic i n t e r s t e l l a r  abundances 

adequate? Why i s  Mg and n o t  Fe t h e  c e n t r a l  atom? How come T e t r a -  

benzporphine and n o t  Pthalocyanines  a r e  formed?" Indeed, X molecules 

are composed of t h e  most abundant elements,  H, C, N,  and Mg. The reason 

why Mg r a t h e r  than Fe i s  favored must r e l a t e  t o  the e a r l y  development 

s t a g e  of t h e  p r o t o s o l a r  nebular  out of which the components f o r  t h e  

cometary o b j e c t s  were formed. The reason f o r  TBP r a t h e r  than Pc 

s y n t h e s i s  i s  d i r e c t l y  r e l a t e d  t o  the s t e l l a r  abundance r a t i o  of 

CH/CN - 10 t o  25. 

CH/CN = 2. Consequently, the production of TBP i s  s t r o n g l y  favored over 

Pc by a f a c t o r  of between (25 - 60) t o  1. Since t h e r e  could be f u r t h e r  

u n i d e n t i f i e d  l i n e s  i n  the  i n t e r s t e l l a r  spectrum, i t  i s  n o t  u n l i k e l y  t h a t  

TBP, monoazo, d i a z o  o r  t r i a z o  compounds a r e  p o t e n t i a l  candidates  and should 

be examined i n  t h e  follow-an program, i . e . ,  ('1) .removal of c e n t r a l  atom and 

successive s u b s t i t u t i o n  of C atoms a t  the  methene br idge  pos i t ion  by N 

atoms. When a l l  four  methene br idge carbon atoms of TBP have been re -  

placed by n i t r o g e n ,  one obta ins  pthalocyanine (Pc).  

Namely f o r  TBP the r a t i o  CH/CN i s  5 and f o r  Pc, 
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3.8 INTERSTELLAR MICROWAVE EMISST.CN FROM H 2 g  

* 
The d iscover ies  of microwave emission from H 0 and absorpt ion f o r  

% r a i sed  a p a r t i c u l a r  i n t e re s t ing  quest ion f o r  H 0, s ince  i ts  
2 

1 2 
615-523 emission arises from a state 446 cm-' above the  ground state.  

Since t h e r e  have been r epor t s  
** 

of a s soc ia t ion  of I R  stars with HzO 

emission, and t h e  f a c t  that some of these  stars have IR absorpt ion 

spec t ra  cons is ten t  with t h a t  of molecule x (See Sect ion 3 ) as w e l l  

as our da t a  on H 0-x c l u s t e r s ,  opens up the quest ion whether H 0 

molecules i n  a s soc ia t ion  with x could be exci ted t o  the 6 

energy t r a n s f e r  from t h e  parent molecule o r  whether H 0 and x mole- 

cu les  receive the  IR r ad ia t ion  from the same source. 

complex is  pe r t inen t ,  then a grea t  number of quest ions can be asked: 

Would t h e  H 0-x complex allow o r  hinder the r o t a t i o n a l l y  observed 

t r a n s i t i o n s ?  Is the  space dens i ty  of x molecules s u f f i c i e n t ?  615-523 
Our estimate of LO"-IO~~ x molecules i n  a 1 cm2 square column i s  low 

compared t o  the  estimates of 

2 2 
s ta te  by 15 

2 
I f  the  x-H20  

2 

t o  lo1* per cm2 f o r  H20 .  

There is  no quest ton t h a t  c l u s t e r s  of x molecules make exce l len t  

l i g h t  t r a p s ,  however many d e t a i l s  would s t i l l  have t o  be invest igated 

if a co r re l a t ion  between the H 0 microwave emission a t  22.2 GHz ,  and 

the  poss ib le  energy t r a n s f e r  mechanisms (such as r ad ia t ion le s s  t rans-  

i t i o n s  f o r  x molecular exci ted states t o  the  H 0 molecule are both 

poss ib le  and allowed, o r  indeed necessary (s ince both molecules could 

independently receive I R  pump rad ia t ion  from a common source).  

2 

2 

* 
A. C. Cheung, D. M. Rank, C. H. Townes, D. D. Thornton, W. J. Welch, 
Nature, 221, 626 (1969); Phys. Rev. Lett.,  2, 1701 (1968). 

** 
P. R. Schwartz and A. H. Bar re t t ,  Ap. J . ,  159, L123 (1970). 
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3.9 ANALYSIS OF DATA 

A s  a f i r s t  approximation t o  t h e  c o n s t r u c t i o n  of an energy l e v e l  diagram 

f o r  t h e  X molecule, t h e  ast ronomical  observat ions of t h e  d i f f u s e  i n t e r -  

s t e l l a r  l i n e s  f o r  a p a r t i c u l a r  s t a r "  (H.D. 183143) were arranged S O  as  

t o  conform t o  t h e  observed I R  d a t a  and c o n s i s t e n t  wi th  t h e  labora tory  

observat ions of two d i s t i n c t  e l e c t r o n i c  s t a t e s  i n  t h e  v i s i b l e  region, 

a t  )e4428 and X6175, marked A and B r e s p e c t i v e l y .  A f a i r  degree of 

i n t e r n a l  s e l f  -consis tency was obtained; however, no c la im i s  made - for  

uniqueness.  (See Fig.21.)  The most s t r i k i n g  r e s u l t  from such a pre- 

l iminary arrangement of v ibronic  s t a t e s  is  the  f a c t  t h a t  a f r a c t i o n  

of t h e  i n t e r s t e l l a r  l i n e s  o r i g i n a t e  from s t a t e s  which a r e  n o t  i n  t h e  

ground s t a t e ,  Since our measurements on molecule X were taken as  77 K, 

the  absence i n  our l a b  s p e c t r a  of c e r t a i n  ast ronomical ly  observed l ines  

becomes e x p l i c a b l e ,  I n  f a c t ,  a l l  as t ronomical ly  observed t r a n s i t i o n s  

from the  ground s t a t e  have been observed i n  the  labora tory  s p e c t r a .  

The labora tory  observed l i n e s  i n  f luorescence  a t  M6175, 6284, and 

6613 a l l  o r i g i n a t e  from t h e  lowest v i b r a t i o n a l  l e v e l  of t h e  e l e c t r o n i c  

s t a t e  A. Other v ibronic  s t a t e s  predicted from t h i s  model give r i s e  t o  

weaker labora tory  observed t r a n s i t i o n s  i n  the 4000 t o  4500g region.  

(These would be observable as t ronomical ly  were i t  not  f o r  blending of 

s t e l l a r  hydrogen l i n e s . )  

unobserved d i f f u s e  i n t e r s t e l l a r  l i n e :  

-1- 

0 

fok 

One can  p r e d i c t  t o  a prec is ion  of 18 a h i t h e r t o  

5205-i-12, - E.W. = 0.2,  width 12f22. - 

It should, i n  p r i n c i p l e ,  now be poss ib le  t o  c o n s t r u c t  p o t e n t i a l  curves  

and examine each t r a n s i t i o n  on the  b a s i s  of t h e  Franck-Condon p r i n c i p l e .  

From such an energy l e v e l  diagram and astronomical  d a t a  g iv ing  absorp- 

t i o n  l i n e  i n t e n s i t i e s ,  i t  should a l s o  i n  p r i n c i p l e  be poss ib le  t o  

compute an e f f e c t i v e  v i b r a t i o n a l  temperature, provided thermodynamic 

equi l ibr ium e x i s t s  i n  the reg ion  of these  molecules. It i s  c l e a r  from 

* 
This  d a t a  was kindly cont r ibu ted  by D r .  G. H. Herbig. 
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t h i s  a n a l y s i s  t h a t  t h e  k n t e r s t e l l a r  molecules must be a t  some tempera- 

t u r e  considerably h igher  than t h e  convent iona l ly  accepted 20 K. 

a t tempt  t o  invoke t h e  sum r u l e  by p l o t t i n g  the  func t ion  Y vs  G seemed 

puzz l ing  a t  f i r s t .  

0 An * 

V 

-1 where G"(v") is  t h e  v i b r a t i o n a l  s t a t e  energy (cm ) 

is  l i n e  absorp t ion  i n t e n s i t y  (E.W. i n  8) Iabs  
T i s  the  e f f e c t i v e  temperature 

C i s  a cons tan t  

h, e, k have t h e i r  usua l  meanings 

However, by s e p a r a t i n g  the  "s ta r red1 '  t r a n s i t i o n s ,  i . e . ,  those involving 
1 t h e  721 c m  v ibronic  e x c i t a t i o n ,  d i s t i n c t  "temperatures" were obtained.  

The"X' o r  721 cm molecule", presumably a t r i v i a l  o f f - shoot  from 

molecule x (perhaps TBP) has an e f f e c t i v e  temperature of 1000°K 

(Fig. 22) whereas the  x molecules a r e  i n  an extremely hot  r a d i a t i o n  

environment. 

population inversion,  v i a  o p t i c a l  pumping has taken place.  

t r a n s i t i o n  seems t o  belong t o  t h e  "s ta r red ' '  molecule ( i n d i c a t e d  by 

squares  i n  F ig .  22) .  The 48838 point corresponding t o  2 x 1051 cm 

i s  unambiguous and consequently t h e  d a t a  points  cannot be connected 

i n  any way o t h e r  than a nega t ive  slope,  wi th  t h e  impl ica t ion  of 

population inversion,  due t o  r a d t a t i v e  pumping. (The only poss ib le  

ambiguity i n  l e v e l  assignments a r i s e s  f o r  s t a t e s  having equal  v i b r a -  

t i o n a l  components i n  both ground and e x c i t e d  s t a t e s .  This  ambiguity 

was reso lved  on the  b a s i s  of l i n e  width and i n t e n s i t y . )  

arranging the  astronomical l i n e s  according t o  a scheme which is  s e l f -  

c o n s i s t e n t  and accounts f o r  t h e  s t r o n g e s t  v ibronic  I R  t r a n s i t i o n s ,  one 

-1 
** 

I n  f a c t ,  from t h e  s lope  of Fig.  23 i t  i s  -2200°K, i . e . ,  

The 62848 

-1 

Thus, by 

a r r i v e s  a t  t h e  astounding conclusion t h a t ,  (1) I R  maser a c t i o n  a s s o c i a t e d  
* 
** G, Herzberg, "Molecular Spectra",  I, van Nostrand (1950), p. 204. 

or  complex--dimer, trimer, e t c .  Since x and X' s h a r e  the  e l e c t r o n i c  
s ta - te  A, t h e i r  r e l a t i o n s h i p  has t o  be c l o s e .  
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w i t h  x molecules is  poss ib le  apd presumably i n  progress,  (2) indeed, 

non thermal equi l ibr ium obta ins ,  ( 3 1  a l l  the  r e l a t i v e l y  s h a r p  i n t e r -  

s t e l l a r  d i f f u s e  l i n e s  ( l i n e  widths of about 18) a r e  a s s o c i a t e d  w i t h  

v i b r o n i c  e x c i t e d  s t a t e s ,  which on t h e  b a s i s  of our ana lys i s ,  a r e  

e x c e l l e n t  candida tes  f o r  maser emission.  Conversely, t h e  I R  maser 

a c t i o n  presumably accounts f o r  l i n e  narrowing of those d i f f u s e  i n t e r -  

s t e l l a r  t r a n s i t i o n s  whose Line widths a r e  of t h e  order  of 1-2a ins tead  

of 10-308. 

Jr 
'The  fol lowing p r e d i c t i o n  can t h e r e f o r e  be made: In tense  I R  emission 

l i n e  sources  should e x i s t  a t  754, 1106, 1051, 1074, 1181, 1568, 2102 

cm , as  w e l l  as  o t h e r  r e l a t e d  wavelengths i n  a s s o c i a t i o n  wi th  s t a r s  

having s t r o n g  d i f f u s e  i n t e r s t e l l a r  l i n e s .  

-1 

3.10 LTNE WIDTH 

The d i f f u s e  astronomical  l i n e s  have widths t h a t  vary from 18 t o  408. 

I f  we p o s t u l a t e  t h a t  the molecule x can e x i s t  e i t h e r  by i t s e l f  o r  i n  

c l u s t e r s ,  then the minimum observed l i n e  width might be due t o  the 

range of  a c c e s s i b l e  r o t a t i o n a l  l i n e s .  

The moment of i n e r t i a  (I) of molecule x about an a x i s  perpendicular 

t o  i t s  basa l  plane is  roughly 3.2 x 10 c .g . s .  Now -3 6 

* 
A s  a h i s t o r i c a l  f o o t n o t e  and d igress ion ,  i t  might be of i n t e r e s t  t o  
point  ou t  t h a t  t h e  author  d iscussed  maser a c t i o n  i n  the  i n t e r s t e l l a r  
medium, p a r t i c u l a r l y  po pul a t ion inve rs ion assoc ia ted  wi th  nebulae, 
i n  1963 a t  the  American Physical  Society Meeting i n  Pasadena, C a l i f . ,  
- - a t  l e a s t  2-3 y e a r s  before  i n t e r s t e l l a r  maser a c t i o n  was discovered.  
Maser a c t i o n  i n  g r a i n s  was f i r s t  suggested by t h e  author i n  1954 a t  
an Astronomy Ddpartment seminar a t  Columbia Universi ty ,  i n  connection 
w i t h  poss ib le  sources  f o r  nonthermal g a l a c t i c  r a d i a t i o n  components. 
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so  t h a t  

-4 -1 B = 8.6 x 1 0  cm 

It i s  now poss ib le  t o  compute t h e  range of J values  f o r  d i f f e r e n t  

assumed temperatures,  us ing  t h e  expression 
* 

I, 
= 0.5896 ?J -1/ 2 

max J 

T 
OK - 

20 
5 00 

1000 
2000 

max J 

90 
45 0 
63 5 
9 00 

I f  the  minimum l i n e  width i s  due t o  unresolved r o t a t i o n a l  s t r u c t u r e ,  

then i t s  width would be roughly 4BJ o r  more p r e c i s e l y  

= 2.3 \J BT , nvPR 

where t h e  d i f f e r e n c e  between t h e  peaks of the  P and R branches is given 

by mPR. Using T = 2000°K, one obta ins  AV 3; 3 cm . Thus, - 1-22 

which corresponds t o  about the  minimum observed d i f f u s e  i n t e r s t e l l a r  l i n e  

width.  Presumably, the  wider l i n e s  a r e  due i n  par t  t o  molecule-molecule 

i n t e r a c t i o n s .  The t r a n s i t i o n s  a r i s i n g  from the  ground s t a t e  i n v a r i a b l y  

a r e  broader than those a r i s i n g  from the  e x c i t e d  v ibronic  s t a t e s .  The 

l a b  d a t a  f o r  x molecules f rozen i n  a matr ix  prevents r o t a t i o n a l  motion. 

Moreover, the  44282 wictth was found t o  be concent ra t ion  dependent. It is  

of interest  t o  compare our pred ic t ions  of maser - a c t i o n  i n  t h e  x molecules 

w i t h  recent  astronomical observa t ions  of microwave emission from H 0 

molecules assoc ia ted  wi th  a t r a n s i t i o n  which l i e s  446 cm above t h e  

-1 

2 -1 

* 
Herzberg, loc .  c i t .  pa 124. 
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ground s t a t e .  Thus confirming, the poss ib i l i t y  of an op t i ca l  pumping 

mechanism ( I R  r ad ia t ion )  which possibly appl ies  t o  both H 0 and x 
molecules e 

2 

The 48838 l i n e :  The 

width, namely 402, of a l l  the observed l i nes .  

explanation is  presumably connected with the observa- 

t i on  t h a t  i t s  upper s t a t e  can be one of two states 

lying a t  the l eve l  B (22583 cm'l above the ground 

s t a t e ) .  Hence, w e  s h a l l  postulate  t h a t  the po ten t i a l  

curves associated with the two e lec t ronic  s t a t e s  

i n t e r sec t ,  giving r i s e  t o  overlapping of the 

eigenfunctions.  

photon i n t o  the upper s t a t e  B, i t s  energy can very 

e f f i c i e n t l y  be t ransfer red  t o  an upper v ib ra t iona l  

s t a t e  associated with the e l ec t ron ic  s t a t e  A, giving 

r i s e  t o  "co r io l i s  in te rac t ion  , and thus accounting 

f o r  i t s  unusually broad l i ne  width. (See Fig. 21.) 

48832 d i f fuse  i n t e r s t e l l a r  l i n e  has the broadest * 
I t s  

** 
Thus, upon absorption of the 48832 

,,*** 

The experimental d i f f i c u l t y  of taking these measurements needs t o  be 

reemphasized: 

A. A t  high temperatures (5OOOC) with the molecules in  a closed con- 

t a i n e r  i n  the gas phase, the frequent molecular collisions cause 

a f a r  too rapid molecule-molecule type in te rac t ion .  (In the 

* 
Using the da t a  f o r  H.D. 183143 kindly supplied by G. H. Herbig. 

See Herzberg loc.  c i t .  pa  286, ( V o l .  I). 

G. Herzberg, Vol. 111, p. 118. 

** 
*** 
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i n t e r s t e l l a r  medium, ,the c o l l i s i o n  mean f ree  p a t h  is undoubtedly 

f a r  grea te r ,  however the i n t e r s t e l l a r  molecules a re  very l i k e l y  

i n  the proximity of an in tense  r ad ia t ion  f i e l d . )  

0 B, 1. In  a frozen matrix a t  7 7  K some degrees of freedom a re  removed. 

2, A t  low laboratory concentrations,  the dominant l i n e s  only a r e  

observed. Allows precis ion 44288 measurement. # %  

0 3,  A t  high concentrations,  a t  77 K, i n  a matrix, add i t iona l  weak 

s p e c t r a l  l i n e s  a re  observed. 

broad a t  these high concentrations e 

A t  very high concentrations,  the Fe and the Mg complex of TBP 

44288 however becomes exceedingly 

4. 

form molecular aggregates which give r i s e  t o  a new weak s e t  

of l i n e s  a t  77 K i n  the red region of the spectrum. 

t r a n s i t i o n s  a r e  s t i l l  being analysed. Their l i n e s  were s tud ied  

i n  emission and absorption. I f  such complexes e x i s t  i n  the 

i n t e r s t e l l a r  medium, then these spec t r a  a r e  of i n t e r e s t  i n  the 

i n t e r  pre  t a t  ion e 

0 These 

5. Preliminary r e s u l t s  of low temperature Fe TBP aggregates: 

a ,  New (0, 0) band a t  M6581 
65 95 

b. Removal of degeneracy causing s p l i t t i n g  of l i n e s  

c. The 6581 and 6595 were obtained in  both emission and 

absorption 

d. Energy d i f fe rence  between pa i rs  of l ines ,  gave the f o l -  

lowing v ib ra t iona l  energy differences 279, 783, 1059, 1112, 

1298, an'd 1594 cm-l fo r  FeTBP 

and 65958. 

f e ren t  from the Fe TBP spec t ra .  

e.  The Mg TBP aggregate gave an iden t i ca l  (0, 0 )  band a t  M6581 

However the other weak emission l i n e s  were d i f -  
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3.17. SUMMARY OF 'ENERGY LJYEL DIAGRAM 

It i s  worthwhile t o  reexamine the  energy l e v e l  assignments f o r  i n t e r n a l  

cons is tency  (see Fig.21).  

(and observed) I R  t r a n s i t i o n s  i n  molecule X a r e  u t i l i z e d ,  The s t r o n g e s t  

and s h a r p e s t  observed I R  t r a n s i t i o n s  and the number of times they a r e  

invoked p e r  s t a t e  i n  c o n s t r u c t i n g  the  energy l e v e l  diagram f o r  both 

ground and exc i ted  s t a t e s  a r e  shown i n  the t a b l e :  

Note t h a t  only t h e  s t r o n g e s t  of the allowed 

-1 
Vibronic Enerpy (cm ) No. of Times 

-L 

23 1'. 2 1  

280 13 

1051 

1106 

5 

4 

754 10 

721 5 

1113 1 

(A v a r i a t i o n  of 1 cm-' i n  the v i b r a t i o n a l  t r a n s i t i o n  i s  ignored f o r  the 

purpose of t h i s  compi la t ion . )  

These v i b r o n i c  energy s t a t e s  a r e  c h a r a c t e r i s t i c  of molecule and add 

s t r o n g  confirmation t o  the 16 labord tory  s p e c t r a l  l i n e s  which co inc ide  

wi th  the  astronomical d a t . .  The exception i s  t h e  v i b r a t i o n a l  energy of 

721 cm which presumably is : issociated with TBP o r  some o ther  simple 

d e r i v a t i o n  of molecule x. 
compared t o  754 cm 

where t h e  c e n t r e 1  metal  atom i s  replaced by 2 hydrogen atoms. 

-1 

-1 
The lower v i b r a t i o n a l  energy of 7 2 1  cm 

-1 i s  s i m i l a r  t o  changes seen i n  H Pc and Porphin, 2 

-I. 

"One of t h e  s t r o n g e s t  a d s h a r p e s t  l a b  I R  t r a n s i t i o n s  i n  molecule X is  

l a b o r a t o r y  equipment d i d  not  extend t o  t h a t . l o n g  wavelength reg ion  of 
231 em-', hence t h e  i n d i r e c t  231 cm-l l i n e . )  

a t  693 = 3~(231+_1) cm -'i , i n d i c a t i n g  t h e  presence of 231 cm-'. (Our 
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3.12 INTERSTELLAR ABUNDANCES OF MOLECULE x 

Based on t h e  observed  mean e q u i v a l e n t  w i d t h  o f  32 kpa r sec  i n  t h e  A4428 

band, i t  is p o s s i b l e  t o  e s t i m a t e  t h e  space  d e n s i t y  o f  x molecules .  I f  

w e  t a k e  t h e  v a l u e  of  n f  computed by Dressler, where n is t h e  number of 

a b s o r b e r s  and f i s  t h e  o s c i l l a t o r  s t r e n g t h ,  t hen  n f  = 6 x 1 0  cm . 
S i n c e  f EZ 1, and t h e  molecu la r  weight  of x is  690 n = 6 x 1 0  gm/cm . 
Now, accord ing  t o  P u r c e l l ,  t h e  i n t e r s t e l l a r  g r a i n  d e n s i t y  i n  s p z c e  must 

exceed 2.5 x 10  

i n t e r s t e l l a r  "dus t"  i s  r e s p o n s i b l e  f o r  t h e  d i f f u s e  i n t e r s t e l l a r  l i n e s  

(and some o f  t h e  r edden ing) .  

* 
* 

9 -3 

-3 0 3 
d- 1. ,. i. 

.2 7 3 
gm/cm , consequen t ly  no more than  0.2% by weight  of 

It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e c e n t l y  c o l l e c t e d  carbonaceous 

chondr i te"""  (Murchison) con ta ined  t r a c e s  of  p y r i d i n e .  
.L.L.lr 

9C 
K. Dressler, i n  " I n t e r s t e l l a r  Grains" ,  J .  M. Greenberg,  Ed., NASA 
P u b l i c a t i o n ,  NASA SP-140 (1967) .  

E., M .  P u r c e l l ,  Ap. J . ,  158, 433  (1969) .  

N e w s  Notes ,  Sky and Telescope ,  138, 388 (Dec. 1969) .  

J-J. ,. n 

*** 
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SECTION 4 

CONCLUSION AND SUMMARY 

4 0 1 CONCLUSION AND SUMMARY 

An e x t e n s i v e  experimental  program was undertaken i n  an at tempt  t o  match 

the  25 o p t i c a l  d i f f u s e  i n t e r s t e l l a r  l i n e s .  This  program involved an 

experimental  survey of hundreds of organic  compounds and d e t a i l e d  s t u d i e s  

of v a r i o u s  techniques f o r  suspending these molecules.  We proceed i n  

steps by s u c c e s s i v e  a n a l y t i c  surveys and concomitant examinations of a l l  

t h e  a s s o c i a t e d  astronomical  evidence which l e d  t o  a narrow range of 

s t a b l e  porphyrin compounds. Th i s  r e p o r t  i s  an at tempt  t o  show the  t o t a l  

amount of  experimental  e f f o r t  expended and the t o r t u r o u s  path t h a t  had 

t o  be taken, l ead ing  t o  the f i n a l  r e s u l t  of i s o l a t i n g  a s i n g l e  molecular 

s p e c i e s  (molecule x) whose s t r o n g e s t  abso rp t ion  f e a t u r e  i n  the v i s i b l e  

r eg ion  ( t h e  S o r e t  band) matched p r e c i s e l y  the s t r o n g e s t  d i f f u s e  i n t e r -  

s t e l l a r  l i n e  a t  44288. I n  a d d i t i o n ,  15 o the r  l i n e s  were matched i n  the 

v i s i b l e  and s i x  i n  the I R  r eg ion  of the spectrum. An energy l e v e l  d i a -  

gram was c o n s t r u c t e d  where 19 t r a n s i t i o n s  a r e  c o n s i s t e n t  w i t h  v i b r o n i c  

t r a n s i t i o n s  a s s o c i a t e d  w i t h  molecule x and s i x  t r a n s i t i o n s  a r e  charac-  

t e r i s t i c  of a c l o s e l y  r e l a t e d  ( y e t  undetermined) molecule, XI, presumably 

XI molecule comp1ex."" 

s t a t e s "  some s o r t  of f i c t i t o u s  temperature was obtained f o r  t he  two 

molecular s p e c i e s ,  s t r o n g l y  sugges t ing  two d i s t i n c t  r a d i a t i v e  

r eg ions  f o r  the molecules:  The molecule x c l o s e s t  t o  t he  source of 

r a d i a t i o n  has most of i t s  higher  v i b r o n i c  s t a t e s  "poptllation inverted",  

t h e  o t h e r  s p e c i e s  (TBP?) has an e f f e c t i v e ' l r a d i a t i v e  temperature of 1000 K. 

It should be noted t h a t  t h e  molecules X (and o r  TBP) a r e  s t a b l e  up t o  

about 850°K ( the rma l )  and t h a t  they do not  g e t  destroyed below these  

temperatures  bu t  sublime. Th i s  a b i l i t y  t o  s u r v i v e  adverse r a d i a t i v e  

From a Boltzmann type p l o t  i nvo lv ing  ''sum of 

I?? 0 

;'E 
For H.D.  183143. 

J -1, rC n 

Dimer, Trimer of x. 
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environments must account f o r  i t s  dominance i n  c e r t a i n  reg ions  of t h e  

galaxy where complex a s t r o o r g a n i c  s y n t h e s i s  is  ia progress .  

S ince  molecule x i s  unusual ly  la rge ,  much l a r g e r  than anything here to-  

f o r e  i d e n t i f i e d  i n  outer  space, t h e  ques t ion  of uniqueness f o r  t h e  

i d e n t i f i c a t i o n  must be examined c a r e f u l l y .  Such a c a l c u l a t i o n  would 

involve  t h e  a p r i o r i  p r o b a b i l i t y  of random a c c i d e n t a l  coincidences of 

(a )  16 + 6 s p e c t r a l  l i n e s ,  (b) i n t e n s i t y  and l i n e  width c o r r e l a t i o n ,  

(c )  assignment of  25 d i f f u s e  i n t e r s t e l l a r  l i n e s  (with a prec is ion  of 

t 2  c m  ) t o  two e l e c t r o n i c  s t a t e s  plus v i b r a t i o n a l  l e v e l s ,  (d)  am 

extremely high degree of i n t e r n a l  s e l f - c o n s i s t e n c y  of these  energy 

level assignments using the s t r o n g e s t  measured I R  t r a n s i t i o n s  of 

molecule x, (e) fundamental and mul t ip les  (ny) of v i b r a t i o n a l  f requencies  

of x. This l a t t e r  is  t h e  most s t r i k i n g ,  s i n c e  n = 1, 3,  4 ,  5, 8 f o r  

754 cm-'. 

-1 

A c a l c u l a t i o n  us ing  very  conserva t ive  p r o b a b i l i t y  es t imates  f o r  each 

"coincidence" y i e l d s  lo5': 1. 

t o t a l  number of k n ~ w n  organic  and inorganic  compounds, and comparable 

p r o b a b i l i t y  c r i t e r i a  t h a t  must be appl ied f o r  d e f i n i t i v e  spec t roscopic  

i d e n t i f i c a t i o n  of any s i n g l e  organic  compound. 

C e r t a i n l y  e x c e l l e n t  odds compared t o  t h e  
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i n t e r s  t e l l  r absorption l i n e s  may be due t o  organic substances 

i n  i n t e r s t e l l a r  space. To t e s t  t h i s  poss ib i l i t y  exploratory experiments 

were ca r r i ed  out t o  simulate i n t e r s t e l l a r  absorption and sca t t e r ing  by 

measuring the wavelength dependence of the transmission of l i g h t  through 

suspensions of s t a b l e  aromatic compounds in  various matrices.  Measure- 

ments were made under condi t ions of f i n e  dispers ion i n  the so l id  s t a t e ,  

a t  low temperature, and i n  the presence of mineral substances. Pyrene, 

perylene and other polycyclic aromatic hydrocarbons, and carbazole, 

porphyrins and other ni t rogen containing aromatics, showed spec t r a  in  

the v i s i b l e  range s i g n i f i c a n t l y  d i f f e r e n t  from the fami l ia r  corresponding 

spec t r a  i n  solut ion.  Generally, the sho r t  wavelength absorptions were 

suppressed and new bands appeared a t  longer wavelengths. For example, 

the Soret  band of porphin a t  385 na beeme much l e s s  intense; i n  the 

case of perglene, a new band emerged a t  about 460 nm with an in t ens i ty  

cramparable t o  t h a t  of the customary bands i n  the 400 t o  430 nm range. 

Lowering of the temperature general ly  caused some of the l i n e s  t o  

sharpen and t o  s h i f t  t o  the red by about 10 nm. Admixture of s i l i c a t e  

aad carbonate minerals general ly  weakened the absorption spec t ra  of the 

* 
This work was supported by NASA -der Contract No, NASW1803 
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organic compounds and increased the M i e  s ca t t e r ing .  S i m i l a r  e f f e c t s  

were observed fo r  the admixture of dus t  from Orgueil and Murray 

carbonaceous chondrites as representa t ives  of ex t r a - t e r r e s  t r i a l  

mineral matrices.  
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S c i e n t i f i c  Report No. 1 

B ISPY RIDY LMAGNES IUMTETRABENZOP ORPHINE (x) 
AN INTERSTELLAR MOLECULE 

(Submitted fo r  publ icat ion t o  Science) 

ABSTRACT 

Chemical i d e n t i f i c a t i o n  of i n t e r s t e l l a r  molecule x is  based on exact 

coincidence of measured low temperature absorpt ion l i nes  with a s t ro -  

nomically observed d i f fuse  i n t e r s t e l l a r  l i n e s .  Molecule x has high 

thermodynamic s t a b i l i t y .  I t s  as t rosynthes is  and i t s  possible subse- 

quent ro l e  as  precursor for  porphyrin skeletons i n  the biosphere a re  

out l ined .  
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Astronomers es t imate  t h a t  1.2 percent of i n t e r s t e l l a r  mat ter  is i n  the 

form of dust (1). Spect ra l  s tud ie s  of d i s t a n t  stars i n  the  g a l a c t i c  

plane revea l  sharp i n t e r s t e l l a r  absorption l i n e s  i n  the v i s i b l e  region 

which have been i d e n t i f i e d  with the molecules CK and CN. Diffuse l i n e s  

i n  such i n t e r s t e l l a r  spec t ra  (1) have eluded i d e n t i f i c a t i o n  fo r  some 

40 years .  

Employing low temperature techniques,  we have scanned the spec t ra  of a 

wide a r ray  of substances i n  an e f f o r t  t o  co r re l a t e  the known i n t e r s t e l l a r  

spec t ra  and more recent astronomical observations (2) with a defined 

molecular s t ruc tu re .  

The p o s s i b i l i t y  t h a t  complex molecules (3) composed of carbon, hydrogen, 

and ni t rogen might cons t i t u t e  these "grains" was f i r s t  suggested i n  

1965. The search w a s  narrowed t o  the porphyr'q family (4,  5) i n  1966. 

The h i s to ry  of t h i s  endeavor i s  extensive (6,  7 ) .  

We now wish t o  describe evidence fo r  the assignment of the d i f fuse  i n t e r -  

s t e l i a r  l i n e s  t o  the dipyridine complex of magnesiumtetrabenzoporphine 

("x", Fig. 1). We a l so  comment b r i e f l y  upon the thermodynamic and 

chemical proper t ies  of x t h a t  a r e  consonant with i t s  as t rosynthes is  

and upon the preb io t ic  implications of i t s  e..istence. Absorption and 

emission spectroscopic measurements of x a t  77'K i n  i n e r t  matrices pro- 

vide d i s t i n c t i v e  l i n e s .  Table 1 gives the major l i n e s  whose peak absorp- 

t i ons  coincide,  within the prec is ion  o f  our measurements, with the major 

i n t e r s t e l l a r  l i n e s ,  The r a t i o  of l i ne  i n t e n s i t i e s  (xx4428/6284) agrees 

with the i n t e n s i t i e s  of the i n t e r s t e l l a r  l i n e s .  The width of the 4428 A 

l i n e  was shown t o  be concentrat ion dependent. Hence the i so la ted  mole- 

cu le  i n  vacuum could wel l  have a narrower l ine-width .  On the other  hand, 

the 6174 A l i n e  was narrower i n  our experimental measurements than given 

by astronomical data.  Six prec is ion  measurements of X i n  d i f f e r e n t  

matrices were performed on the Soret absorpt ion l i ne  of which Fig. 2 is  

a typ ica l  mtcrodensitometer t r ace  from an exposed p l a t e .  Data w a s  

0 
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recorded on p l a t e s  using a 3/4-m Jarrel l -Ash spectrometer,  (dispers ion 

of 20 A/mm) as we l l  as by means of a spec ia l ly  constructed o p t i c a l  system 

comprising a chopped l i g h t  source,  sample i n  s p e c i a l  dewar, scanning 

spectrophotometer and phase sens i t i ve  de tec t ion .  Ei ther  a 300W bulb or 

a xenon a r c  lamp provided the continuum background rad ia t ion .  No d i f f e r -  

ence i n  the  absorpt ion peak ( t o  within fl A) could be detected using 

e i t h e r  technique. 

be l e s s  than 1-2 A ,  s ince  no s h i f t s  could be detected using a dozen 

va r i a t ions .  The in tense  T +  71-?; Soret t r a n s i t i o n ,  f - 1, a t  4428 A 

accounts f o r  i t s  dominance i n  the i n t e r s t e l l a r  spectrum. The chemical 

s t a b i l i t y  of the compound was explored by heat ing a quant i ty  of X powder 

t o  over 5OO0C i n  vacuum i n  a molecular beam oven 

e f f luen t  on a g l a s s  p l a t e ,  6 i n .  from the o r i f i c e .  The green-colored 

deposi t  exhibi ted absorpt ion spec t ra  c h a r a c t e r i s t i c  of X. Another 

experiment involved heat ing X molecules t o  500-600°C i n  a quartz  c e l l  

i n  order  t o  study t h e i r  absorpt ion spectrum. A c h a r a c t e r i s t i c  green 

vapor was obtained; i . e . ,  the band a t  6350 w a s  measured, thus pro- 

v id ing  p a r t  of i t s  s igna ture .  However, no sharp l i n e s ,  not even the 

Soret band, a r e  exhibi ted under these condi t ions,  i n  agreement with 

theo re t i ca l  considerat ions (8). 

0 

Possible  matr ix  s h i f t s  of  the absorpt ion l i n e s  must 

0 

and co l l ec t ing  the 

Our model f o r  the as t rosynthes is  of x molecules is  r e l a t ed  t o  astronomi- 

c a l  observations of I R  c i rcumste l la r  ob jec ts .  Organic synthesis  proceeds 

during the e a r l y  s tages  of s t a r  formation (and based on the known values  

of atom abundances (1) r e l a t i v e  t o  hydrogen, log 12; carbon, log 8.48; 

ni t rogen,  log 7.96; magnesium, log 7.46; i ron ,  log 6.90) v i a  a coales-  

cence of atomic u n i t s  through a cooling temperature gradient  r e su l t i ng  

i n  the most thermocynamically ' s tab le  molecular grouping of the e n t i t i e s  

t h a t  a re  present (9) .  The o v e r a l l  stoichiometry f o r  the as t rosynthes is  

may be formulated as: 
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20CH ,12C- 

A stepwise process can e a s i l y  be envisioned i n  which the metal guides 

the synthesis  by i n i t i a l l y  coordinating with four cyano moiet ies .  The 

pyridine moiet ies  may be synthesized on the metal o r  ad jo in  a f t e r  the 

magnesium tetrabenzoporphine i s  i n t a c t .  This highly s t ab le  heterocycle 

might e a s i l y  be formed by a re la ted  condensation ( for  ex& .p e)  

and our r e s u l t s  pred ic t  t h a t  pyridine and benzene 

6CH 4 

should also be detected as i n t e r s t e l l a r  molecules. 

I t  i s  most s i g n i f i c a n t  t h a t  the tetrabenzoporphine nucleus contains the 

necessary number of carbon atoms t o  be a p reb io t i c  chemical precursor 

f o r  porphyrins skeletons cu r ren t ly  present i n  the biosphere.  

example, protoporphyrin complexes might wel l  r e s u l t  from TBP compounds 

under d r a s t i c  chemical conditions:  

For 
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We a re  exploring the implicat ions of these 

cH2 cn3 
C H l  
co2 n 

f inds  a t  a l l  l eve l s .  

Fred M. Johnson, C .  E .  Castro 

Department of Quantum Elec t ronics ,  

Electro-Optical  Systems, A Division 

of Xerox Corporation, Pasadena, 

Cal i forn ia  91107, and the Department 

of Nematology, University of 

Ca l i fo rn ia ,  Riverside Cal i forn ia  92502 
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Figure 2. Laboratory Measurement Soret Band of Molecule X 
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